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ABSTRACT 

This paper calls atention to the advantages of the use of the stereographic polar net 
for representation of cross-bed attitudes and describes a mode of analysis for the same 
based on the consideration of each attitude as a vector quantity. The analysis yields 
a weighted average direction of dip and a numerically expressed measure of the con- 
sistency in direction of the individual dips. The latter is shown to embody the signifi- 
cance of the statistical ‘“‘standard deviation.’’ To a map-symbol representing the vector 
resultant direction and the consistency an arc expressing the range in direction of the 
individual readings is added. The remainder of the paper illustrates the analysis by a 
study of the Coconino sandstone in northern Arizona. A brief review of its literature 
and the evidence of its probable Aeolian origin is given. It is concluded that the trans 
porting currents responsible had a southerly direction, except the in district south of the 
Little Colorado River, where they swung sharply to the east. The evidence from the 
possibly contemporaneous De Chelly and Cedar Mesa sandstones is noted and dis- 
cussed. 


INTRODUCTION 

This paper results from curiosity regarding the validity of a 
criterion frequently proposed for use in distinguishing Aeolian from 
subaqueous sands." The final clause in the following quotation may 
be noted in illustration: 

Due to the considerable range in direction of winds over short periods there is 
great range in direction of inclination of the cross-lamination, and this range is 
increased because the lee side of a dune is so frequently irregular in its inclina- 

* An excellent summary of the various criteria and their proponents is given by 
W. O. Thompson, “‘Original Structure of Beaches, Bars and Dunes,’’ Bull. Geol. Soc. 
Amer., Vol. XLVIII (1937), p. 747. 
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tions, and in the barchane variety of dune the inclination may have a range 
through about 180°... . consistent inclination in any direction would seem to 
prove aqueous origin.? 


After completion of the field work and during the period of manu- 
script revision, the writer’s attention was directed to a recent article 
by Shotton,? which demonstrates the Aeolian nature and the con- 
sistency of direction of the cross-lamination dips of an English sand- 
stone and which cites the similar results of observation on recent 
sands in the Libyan Desert reported by Beadnellé in 1910. 

Although the validity of the criterion quoted has thus been nega- 
tived without his aid, the writer feels that two by-products of his 
investigation merit report. These are: (1) a method of analysis and 
representation of the results of cross-bedding observations in general 
and (2) certain new data bearing on the direction of currents in the 
sand-depositing medium responsible for the Coconino (Permian) 
sandstone in northern Arizona. For reasons discussed on a later page 
it was thought that there could be slight doubt as to the Aeolian 
origin of the Coconino, which was selected for study on that account. 
In the discussion of method which follows, that origin is assumed to 
have been established. 

Acknowledgments are due to Drs. W. W. Rubey, P. D. Trask, and 
F. G. Wells of the United States Geological Survey, and to Professor 
J. B. Leighly, of the University of California, who have kindly read, 
and criticized, a draft of the manuscript. 


DISCUSSION OF METHOD 


A sufficient number of random observations on cross-lamination 
attitudes should, if properly represented graphically, tell their own 
story as to the presence or absence of any predominant dip direction. 
With this in mind, Knight has shown his measurements on cross 
bedding in the Casper formation in two circularly arranged histo- 

2W. H. Twenhofel, Treatise on Sedimentation (2d ed.; Baltimore: Williams & Wil- 


kins Co., 1932), pp. 621-22. (Italics mine.) 

3F, W. Shotton, ‘‘Lower Bunter Sandstones of Worcestershire and Shropshire,”’ 
Geol. Mag., Vol. LX XIV (1937), pp. 534-53- 

4H. J. H. Beadnell, ‘“The Sand Dunes of the Libyan Desert,’’ Geog. Jour., Vol. 
XXXV (1910), p. 379. 
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grams.’ Each of these comprehend conditions in a district; in one 
case 338 readings are represented, in the other 424. In both cases a 
pronounced southwesterly concentration is indicated. It will be re- 
called that for this formation Knight concluded shallow marine 
origin. A similar device is used by Shotton,® who groups his dip 
direction in 10° class intervals and draws radial lines having the 
directions of the means of each class and lengths proportional to the 
percentage of the total observations there included. 

Many of the exposures of Coconino sandstones are cliffed and only 
locally accessible. It is thus difficult, and in many places impossible, 
to secure sufficient readings for the construction of a convincing 
diagram of the class-interval type, especially if attempt is made to 
take only one or two observations in any given cross-laminated unit. 
Furthermore, it is valuable to have a graphic record of results as they 
accumulate in the field, so that slighting of apparent aberrancies of 
direction may be avoided. For these reasons it has been found con- 
venient to use a stereographic polar net, and to represent thereon 
the poles of each cross-lamina as recorded. A simple polar-co-ordi- 
nate sheet would do equally well, the radial distances being propor- 
tional to the magnitude of the dip angles. The radii to poles on the 
stereographic net are proportional to the tangents of half the dip 
angles, and, as the dips in most cases are less than 30° and the 
tangent is essentially a straight-line function up to 15°, the results of 
plotting in the two ways are strictly comparable. The chief ad- 
vantage of the use of the stereographic projection is the ease with 
which the cross-lamination attitudes may be corrected for true- 
bedding inclinations of which they may partake.’ For convenience 

5S. H. Knight, ‘“The Fountain and the Casper Formations of the Laramie Basin,” 
Univ. Wyo. Publ. in Sci. Geol., Vol. I (1929), pp. 65 and 66. 

6 Op. cit., p. 547. 

7A. Johannsen, Manual of Petrographic Methods (New York: McGraw-Hill Book 
Co., 1918), p. 24. An alternate method was devised and used by the writer on two 
groups of data. It consists of a celluloid disk with two sets of concentric circles, the radii 
of one being proportional to the natural cotangents of angles from 5° to 45°, at 5° inter- 
vals, the radii of the second proportional to twice those magnitudes. Radiiat 5° intervals 
are drawn, and the disk is mounted to turn on a card ruled with parallel straight lines, 
whose distances on either side of a center line are again proportional to the natural co- 
tangents (5°-45°, at 5° intervals). The modulus used on card and disk was 3 inch. A 


few sets of a pair of triangles permit reading the corrected strike and dip. However, the 
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in field use, the cardinal points of the net are so labeled that the 
radius in the direction of dip bears the signature of the corresponding 
strike. 

A random collection of such data should exhibit a frequency 
maximum or maxima from which the significance of the controls 
and the probable accuracy of the derived means might be evaluated. 
[his assumes that the thickness sampled is homogeneous as regards 
the operation of such causal factors as influence direction of inclina- 
tion. 

As explained in the introduction, it was important to establish 
definitely the presence or absence of consistency of cross-lamination 
direction. When, therefore, any concentration of observations on the 
plot was noted, during the collection of the data, every effort was 
made to fill in by subsequent measurement the empty or sparsely 
filled parts of the diagram. Thus the data are weighted against the 
supposition of constant dip direction; the aberrancies are out of pro- 
portion to their percentage in a truly random sample. Again, bar- 
chanes are common among modern dunes, and the observed curva- 
tures of the laminae in many localities in the Coconino suggest 
similar forms. In such cases a true sample should show, if the wind 
direction were markedly constant, two maxima, corresponding in 
position to the directions of elongation of the barchane limbs. These 
directions will vary with the changing force of the winds, and 
changes of 20° or even 30°, which would still permit designation of 
wind direction as consistent, would cause superimposition of maxima 
at intermediate and external positions, rendering the final record 
confused. 

With two provisos a circular plotting of cross-bedding attitudes 
permits calculation of the directional range of the currents respon- 
sible. The provisos are: (1) that backslope bedding is either absent 
or sufficiently recognizable to be omitted from account and (2) that 
the minimum included angle between the bases of the lee slopes of 


the dunes or bars projected has been determined in the field. In such 


device is unwieldy, and, for cross beds whose strike is within 10° of the strike of the true 
bedding, the necessary intersections are to be found off the card, with consequent 
loss of accuracy. See also the solution by D. Jerome Fisher, “Some Dip Problems,”’ 
Bull. Amer. Assoc. Petrol. Geol., Vol. XXI (1937), pp. 340-50. 
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cases the range of current direction responsible should equal the 
angular measure of the segment of the diagram containing observa- 
tions plus the minimum included angle between the base of the lee 
slopes, projected, and minus 180°. The sign of the result may be 
neglected (see Fig. 2). The angle between the limbs, in the case of 
straight transverse structures is, of course, 180°. Regardless of 
whether the structures are crescentic or lobate, any curvature oper- 
ates to diminish the range of current direction from its maximum 
value, corresponding to the assemblage of straight, transverse struc- 
tures, and equal to the range of the angular dispersal of all readings. 

Two general considerations militate against any strict application 
of this reasoning: the lee side is not always the only bedding repre- 
sented and more gently dipping layers formed on the up-current side 
are not uncommonly present. Their low inclination and great vari- 
ance in direction from the majority of the observations in any given 
case suggest their correct interpretation, but in a purely statistical 
study they needs must be included.* The second general considera- 
tion is that one is rarely able to determine the average angle between 
the limbs, due to discontinuity of outcrop. The occasional complete 
structures observed may or may not be representative. In most cases 
encountered in the Coconino, downwind concavity of outline is evi- 
dent, generally of an open character which leads one to infer limb 
angles of 140° or thereabouts. In some few cases angles ranging from 
45° to 96° have been measured. As examples one may consider the 
more consistent 90 per cent of the observations at the stations 11 
miles south-southwest of Joseph City and 5 miles west of St. 
Michaels (Fig. 4). On the assumption that the more divergent atti- 
tudes arose from laminae formed on the limbs of barchanes equal in 
limb angle to examples actually measured at these localities, the 
wind ranges responsible need be only 17° and 20°, respectively. The 
assumptions are thought reasonable. It would, of course, be unsafe 
to extend this inference to the formation as a whole. When it is 

8 Dips of less than 10° are inadequately represented in the present study chiefly 
because in most cases they could be seen to pass upward into greater and more diag- 
nostic inclinations, and multiple observations on a single lamina, or even a single 
structure, have been eschewed. Low dips due to back-slope deposition have been taken 
in all instances, but are of very infrequent occurrence in the sandstones studied. 
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borne in mind that only sand-moving winds are recorded, and that 
both their velocity and at least seasonal drought are involved, such 
constancy does not appear improbable. 


Base of lee 


a 





Fic. 2.—Relation of dune curvature to wind-range assuming identity of size and 
shape. a=lesser arc subtending base of lee-slopes of dune; b=angle between adjacent 
limbs of most widely separated dunes; D=angular measure of segment with cross- 
lamination poles; W.R.=range in direction of winds responsible. Note that dips formed 


along OA near A and OB near B would plot as points on OC and OE. W.R. = B + 2(") 
=b+a;b = D— 180°;.°.W.R. = D+a— 180°. 


It is significant that neither lobate nor longitudinal dunes have 
been recognized in the sandstones studied. Two reasons for the latter 
lack suggest themselves: (1) it is unlikely that regular lamination 
would be formed or preserved in such cases and (2) districts subject 
to such high winds as would produce them must be, in general, dis- 
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tricts of slight, if any, accumulation, the sand being chiefly in 
transport. 

A consideration peculiar to the observations herein reported which 
tends in the same direction as the necessarily uncertain value of the 
limb angle and the possible presence of back-slope bedding is the 
fact, already mentioned, that aberrant observations are unduly 
numerous. They thus tend to expand the occupied segment of the 
graph to an unknown extent. The assumption is perhaps justified, in 
view of the recognized departure from random sampling, that up to 
ro per cent of the observations, the most aberrant, may be neglected 
in measuring the occupied segment of the diagrams. The greatest 
wind-direction variation, under these assumptions, will result from 
considering all dunes straight and transverse, and is measured by the 
angular dispersal of the central 90 per cent of the cross-laminae 
recorded. This range is indicated by an arc at each station on the 
accompanying map (Fig. 4). The meaning of the direction and the 
length of the arrows shown on the same figure may now be dis- 
cussed. 

To facilitate comparison, it is desirable to represent all the findings 
at each locality by a single symbol. This should be a weighted mean 
or average of all the observations there made. The bedding formed 
on the up-current side of sedimentary structures has lower inclina- 
tions than that on their lee sides. Such bedding is generally aberrant 
as here considered. This suggests the propriety of weighting most 
heavily those observations with the greatest dip angles. Further- 
more, the angles of repose which condition the magnitude of the dip 
will be the greatest observed. Lesser dips are commonly noted at the 
base of the structures, where both they and the corresponding strikes 
are dependent, not so much on current, as on the shape of the ir- 
regularly scoured surface over which the sand mass is projected. A 
rational means of weighting the observations in accordance with 
these considerations appears to be offered by the fact that each of 
them is a vector, of which the direction is that of the dip, and the 
length is proportional to its magnitude. If the stereographic projec- 
tion is used, the magnitude becomes the tangent of half the dip 
angle times the modulus adopted. By simple computation, or graph- 
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ically,? the individual vectors may be added, and the direction of the 
resultant embodied in the map symbol for the locality. The magni- 
tude of the resultant depends on the number of observations and, 
therefore, has not been used in the symbol. 

For the length of the symbols (arrows) use is made of a quantity, 
the ‘‘consistency ratio,” which is secured by dividing the length of the 
vector resultant of all the observations at the given locality by the 
sum of the lengths of the individual vectors. It is clear that, were 
there no grouping, the vector resultant would be zero, as would the 
consistency ratio just defined. If the consistency of dip direction 
were perfect, ail the points falling along the same radius of the 
diagram, the consistency ratio would equal unity. The consistency 
ratio and the direction of the vector resultant are characteristics of 
the formation at the location studied. Because it is a weighted meas- 
ure of degree of grouping, the consistency ratio is probably a better 
index of the direction range of sand-transporting currents than is the 
go per cent dispersion already discussed. 

For assurance that sufficient attitudes had been secured there 
have been drawn for each locality cumulative curves of the vector 
direction and the consistency ratio; the former with a control point 
for each observation, the latter with control points beginning at ten 
observations and determined every five thereafter. Three of these 
are shown in Figure 3. It is probable that the measured dips are 
accurate within a degree; the strikes, at the low dips encountered 
and on the small surfaces in the cliffed exposures which have been 
utilized, are probably accurate within 5°. Hence, when the cumu- 
lative vector direction curve flattens and remains within a 5° range, 
it is likely that the sampling is reasonably adequate. In the curve 
for the Bunker Trail locality (Fig. 3) test was made at intervals of 
ten observations, on the number of profound aberrancies, at right 
angles to and on the same side of the resultant being tested, neces- 
sary to alter the resultant direction by an amount equal to or greater 

9 The addition is most conveniently accomplished directly from the original readings, 
which should be recorded as measured, as well as plotted on the stereographic net. 
For the relatively high dips of the present study the dip directions were plotted with a 
protractor (or drafting machine), and the corresponding magnitudes laid off propor- 
tional to the degree of dip, using a 30 engineering scale. The method is rapid. 
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than the assumed accuracy of measurement (5°). It was found 
that after twenty, two aberrancies sufficed, after thirty, three, and 
so on to fifty-seven, the total taken. It is improbable that four or 
five such maximum discordances should occur consecutively during 
the observations. As the vector curve flattens after forty observa- 
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tions, and remains thereafter within the assumed observational 
error, it is thought that a representative sampling had been made 
at that point, the last twelve attitudes taken being merely corrobo- 
rative. 

The observation number at which the cumulative vector-direction 
curve approaches and beyond which it remains within 5° of its final 
value, may be referred to as the ‘‘flatness point.’’ Depending on the 
particular permutation of any set of values (i.e., the sequence in 
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which they are measured) the flatness point may occur at various 
points in the diagram or may fail entirely of occurrence if the sam- 
pling is not random. There is, therefore, no correlation between it 


and the consistency ratio, etc. The former is a measure of the num- 


SUMMARY OF DATA 








Station Z 
Z 

Northwest of Pine 35 
Oak Creek 35 
Sycamore Creek 46 
\ubrey Cliffs 38 
Prospect Valley 37 
Bunker Trail 52 
Cane Springs 14 
Big Spring 22 
Jackass Canyon 23 
Lower Clear Creek 55 
Upper Clear Creek 36 
Lower Chevelon Creek 43 
Upper Chevelon Creek 31 
South-southwest of Joseph City} 53 
East of Holbrook 47 
South of Holbrook 46 
Snowflake 57 
Monument Valley.... 52 
White House Trail (Chinle) 30 
Wild Cherry Trail. . 30 
Kin-li-che 55 
West of St. Michaels 26 
Northwest of Pine Spring 46 
Cedar Mesa, Northeast of 

Mexican Hat, Utah 67 
type Wingate. 48 
Navajo formation (Kayenta) 2 
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ber of observations, in the particular permutation in which they are 
recorded, necessary to adequate sampling. It appears impossible to 
gather from the go per cent dispersion or the consistency ratio an 
assurance of sufficiency of observation. Of twenty cases showing a 


well-marked flatness point (Table 1), fourteen reached that number 
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after less than twenty-nine observations. The extreme range shown 
was from eleven to forty-nine. The corresponding figures for 90 per 
cent dispersal and consistency ratio were 75° to 200° and 0.53 to 
0.86. This suggests the number of observations advisable at each 
station. 

A further check on the adequacy of sampling has been attempted. 
For each station the standard deviation and probable error have 
been computed by ordinary statistical method. The results are in- 
cluded in Table 1. In the computations the deviations were meas- 
ured in degrees from the vector-resultant direction, not from the 
arithmetic mean as is customary. The computed probable error in 
no case exceeds twice the assumed error of observation and, in most 
instances, is considerably less than that figure. 

The consistency ratio is inversely related to the standard devia- 
tion. To test the closeness of this relation, their correlation coeffi- 
cient was computed, using only the twenty instances showing a 
well-marked flatness point (see Table 1). The value obtained, 
—o.87, indicates a good correlation. That it is not higher is doubt- 
less due to the fact that the individual attitudes are weighted ac- 
cording to magnitude of dip in the determination of the consistency 
ratio, whereas in the computation of the standard deviation only 
their directions are utilized. For this reason it is felt that the con- 
sistency ratio is the more significant figure; it is also very much the 
easier to determine and the more satisfactory to plot. 

THE COCONINO SANDSTONE: ITS ORIGIN 

The Coconino is a white to buff, cross-bedded sandstone of 
Permian age, widely exposed in northern Arizona.” As reported by 
McKee," “‘the typical Coconino is a uniformly fine-grained, nearly 
pure quartz sandstone with siliceous cement. It has a massive ap- 
pearance, and is cross bedded on a huge scale.”’ Its thickness, as 
shown by a number of workers, is nil near the Nevada and Utah 
boundaries of Arizona, and increases toward the south and southeast 
to 1,000 feet near Pine. It is, in general, a cliff-forming member. 

%” Shown by N. H. Darton, “Geologic Map of the State of Arizona, 1: 500,000,”’ 
Ariz. Bur. Mines and U.S. Geol. Surv. (1923). 


1 E. D. McKee, ‘‘The Coconino Sandstone—Its History and Origin,” Carnegie Inst. 
Wash. Pub. 440 (1933), p. 81. 
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Throughout the discussion of method the Aeolian origin of the 
Coconino has been assumed. That conclusion was reached by 
McKee in the work cited and appears inescapable to the present 
writer. Inasmuch as there is still skepticism on this subject, it may 
be well to note briefly the available lines of evidence. The better of 
these are indicated in the following quotation: 

That the Coconino sands were deposited in large part by wind is shown by the 
wedge-shaped cross-bedded units, which, with their laminations are inclined in 
many directions....by the shapes and index measurements of the ripple 
marks. Further evidence occurs in the almost entire lack of washing or slumping 
of the vertebrate footprints preserved in it. These have all been found on the 
sloping surfaces of the cross-bedding. 

Unfortunately, no significant mechanical analysis of the Coconino 
appears to have been made. Its almost exclusively quartzose char- 
acter and its general fineness of grain favor the Aeolian hypothesis 
but are not conclusive. Similarly the general stage of rounding, frost- 
ing, and pitting is consonant with Aeolian transportation, although 
possibly the product of a previous cycle. F. E. Matthes has shown 
that the quartzose character and striking homogeneity of the forma- 
tion rule out its interpretation as a delta deposit.'’ His evaluation" 
of the significance of the vertebrate tracks is equally unambiguous: 

The testimony of the animal tracks on the oblique laminae is decidedly 
against an aqueous origin of the Coconino formation .. . . the footprints have 
not the soft vague outlines which tracks made in loose sand under water com- 
monly have. On the contrary, they have, with few exceptions, sharp definition, 
even the deep impressions made by the claws of the animals being well preserved. 
If it is suggested that the tracks were made at times of low tide, when the front 
of the delta was partly above water, then the question arises why the tracks 
were not wiped out by the next high tide. It is much easier to account for the 
preservation of animal tracks in dune sand. True, they are readily destroyed 
when the sand is dry, but the chances of their preservation with sharp definition 
are particularly good if they are made after a shower, when the sand is damp 
enough to possess fair cohesion, and then are buried by dry sand blown over 
them. 

The observation by Gilmore’ that ‘‘the trend of nearly all of the 
tracks and trails.... is up the slope of the cross-bedded sand- 
stones” is readily explicable on the supposition of subaerial origin. 
2 Tbid. ™3 Quoted by McKee, ibid., p. 97. 14 Tbid., p. 99. 

5 C, W. Gilmore, Smith Misc. Pub. 2917, Vol. LX XX, No. 3, p. 3. 
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The writer has observed on the lee slopes in the dune field near 
Laguna, New Mexico, recognizable tracks of coyotes, rabbits, and 
lizards, formed after rain. Without exception they lead up the 
slopes; those directed downward have been obscured by sliding of 
the surface layers of sand. This is due to the inertia of the animal, 
transmitted to the sand by his involuntary effort to maintain bal- 
ance and control speed on the poor footing and steep slope. A rabbit 
track which circled on the lee slope of a barchane, returning to its 
base, was observed to be sharp in its upward course, but slid and 
unrecognizable thereafter. 

Still another structure noted in the Coconino finds ready explana- 
tion as a dune feature, but can scarcely be understood otherwise. 
McKee records “‘a large inclined bedding plane on which there was a 
succession of abrupt rises or steps of about one-tenth inch each 
ascending the slope.’ If the base of the lee slope of a dune, recently 
wetted, be locally disturbed by a heavy footstep or possibly the 
burrowing of a small animal, the successive layers of sand disturbed 
tend to break down with the rapid uphill recession of a small cliff or 
cliffs, of height equal to the thickness of the individual laminae. 
The receding clifflet widens rapidly with its headward growth, not 
infrequently reaching some sort of equilibrium and stopping before 
“running out”’ at the top of the dune, a tendency stronger with the 
deeper and moister layers. 

The large-scale tangential cross bedding and the position and con- 
dition of the vertebrate tracks appear to the writer conclusive of 
their dune origin. As other available evidence is in no case con- 
tradictory, but rather the reverse, there seems no reason to doubt 
that the Coconino is Aeolian. 


CORRELATIVES OF THE COCONINO 
As possible extensions of the Coconino, Baker and Reeside*’ con- 
sidered the De Chelly sandstone of the Defiance Uplift in north- 
eastern Arizona and Monument Valley, and the Cedar Mesa sand- 
© Op. cit., p. 103. 


7A. A. Baker and J. B. Reeside, Jr., ‘‘Correlation of the Permian of Southern 
Utah, Northern Arizona, Northwestern New Mexico and Southwestern Colorado,” 
Bull. Amer. Assoc. Petrol. Geol., Vol. XIII (1929), Figs. 2, 3, 7, 9; PP. 1420, 1423, 1434, 
1438. 
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stone extending northward from the latter locality. These correla- 
tions are amplified and discussed by Baker in a subsequent publica- 
tion."® McKee has pointed out’? that the type De Chelly differs in 
several essentials from true Coconino, but that its upper part grades 
southward into such material, which is exposed widely in the De- 
fiance Uplift south of Canyon de Chelly. He noted also a predomi- 
nance of southerly directed cross-lamination dips in type De Chelly, 





and reiterates his earlier conclusion—that the Coconino was derived 
from the south. Another possible extension of the Coconino into the 
Circle Cliffs and San Rafael Swell regions of Utah was reported by 
Gregory and Moore.” McKee in his 1933 paper gave reasons for 
doubting the accuracy of this correlation. It has not been possible to 
visit these localities during the present study. The northward thin- 
ning of the type Coconino nearly or quite to extinction near the 
Arizona-Utah line inclines the writer to concur in the doubts McKee 
has expressed. In the papers which have been cited, reference to and 
discussions of the work of other geologists may be found. 





The predominance of any given range of dip directions in the 
Coconino has been noted by Noble and Schuchert,”" who observed 
that the laminae exhibit a general southwesterly to southeasterly 
slope at the Grand Canyon. This observation was specifically de- 
nied by McKee in 1933, who stated that “except locally they have 
no dominant direction, but instead dip in various directions through- 
out the region.’’? Subsequent observations, independent of the 
study herein reported, have convinced McKee that the statement, 
quoted above, was in error, and that southerly dips predominate in 
the Coconino.?’ Baker and Reeside** noted, by implication, the pre- 

8 A. A. Baker, “Geology of Monument Valley—Navajo Mountain Region,” U.S. 
Geol. Surv. Bull. 865 (1936), pp. 32 and 38. 

19 “An Investigation of the Light-Colored, Cross-Bedded Sandstones of Canyon de 
Chelly, Arizona,”’ Amer. Jour. Sci., Vol. XXVIII (1934), pp. 219-33. 

» H. E. Gregory and R. C. Moore, ‘‘Geology of the Kaiparowitz Region,” U.S. Geol. 
Surv. Prof. Paper 164 (1931), p. 44. 

4 L. F. Noble, ‘“‘The Shinumo Quadrangle,” U.S. Geol. Surv. Bull. 549 (1914), p. 69; 
C. Schuchert, ““On the Carboniferous of the Grand Canyon of Arizona,’”’ Amer. Jour 
Sci., Vol. XLV (4th ser., 1918), pp. 347-61. 

22 “The Coconino Sandstone,”’ op. cit., p. 98. 


23 Oral communication, October, 1937. 24 Op. cit., p. 1447. 
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dominant southeasterly dips of the cross bedding in the Cedar Mesa 
sandstone. 
PRESENT OBSERVATIONS 

On the accompanying map (Fig. 4) are shown, by symbol, the 
results of applying the method of study discussed in the first part of 
this paper to the Coconino. While the limited number of localities 
represented, and their spacing over most of the area are unsatisfac- 
tory, it seems that certain conclusions may be drawn. The number 
of observations available and the results of the analysis for each 
station are tabulated on page 915. 

As described on pages 912 and 913, the direction of the arrows is 
that of the resultant of vectors taken as representing the individual 
cross-lamination attitude observations; their lengths are proportion- 
al to the ratio of the vector resultant to the sums of the lengths of 
the component vectors, and hence a measure of the consistency of 
dip direction at the locality. The arc in each case is the angular dis- 
persal of the most consistent go per cent of the observations and is 
thought to correspond to the maximum probable variation of sand- 
moving winds. It is evident that the observation 23 miles southeast 
of Cane Spring is weak. This was made early in the investigation 
before its nature and needs had been clearly formulated. 


STATIONS WEST OF THE CAMERON MERIDIAN 

Referring to the map (Fig. 4) it should be noted that all the 
localities reported which fall west of the north-south line through 
Cameron represent the entire, or nearly the entire, local develop- 
ment of the Coconino. The same may be said of the De Chelly 
formation locality in Monument Valley. For these localities the con- 
sistency ratios range from 0.63 to 0.82, and average 0.74. This is per- 
haps sufficient evidence of directional consistence of currents 
throughout the thickness measured in each case. No geographical 
regularity in the changing value of the consistency ratio is dis- 
cernible, nor is it related to the greatly varying thickness of the 
formation, which increases fairly regularly, as shown by McKee,’ 
from north to south. Its significance is obscure. 

The tendency of the vector resultants to a southerly direction over 


5 “The Coconino Sandstone,” of. cit., p. 82. 
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this extensive area confirms Noble’s and Schuchert’s observations, 
to which reference has been made. The only marked departure from 
the rule is at Jackass Canyon, where the direction so closely agrees 
with that shown by type De Chelly as to suggest contemporaneity 
with that formation rather than with the Coconino. If this be a valid 
consideration, the Coconino must thin to extinction or change facies 
past recognition farther south than has been thought. 

A reading made in Walnut Canyon, 8 miles southeast of Flagstaff, 
has not been used because of doubts cast by McKee on the identity 
of the strata heretofore considered Coconino at that place.** He 
refers them tentatively to the Toroweap (former lower Kaibab) for- 
mation. The cross-lamination study gave results closely similar to 
those of true Coconino in Oak and Sycamore canyons. 

At the Aubrey Cliffs station it was noted that the upper 50 feet 
of the formation exhibits consistently more southeasterly directions 
of inclination than does the body of the formation. This is of interest 
in connection with a similar variation with horizon seen near Snow- 
flake. 

The observations have not been corrected for true dips of 5° or 
less. That figure is probably approached at Aubrey Cliffs, northwest 
of Seligman, and at Prospect Valley. At these localities there is local 
minor warping due to near-by slips, and a satisfactory true attitude 
was not obtained. The only locality at which the true dip definitely 
exceeds 5° is that 4 miles northwest of Pine. Here correction has been 
made for a 7° true dip. 

At the localities east of the Cameron meridian, and excepting that 
in Monument Valley, a portion only of the formation has been 
studied. The lower 250 feet of the De Chelly east of Chinle was inac- 
cessible during the writer’s visit; the unsampled parts of the forma- 
tion elsewhere in the southeastern parts of the area covered by 
Figure 4 are not exposed. The essential homogeneity of current 
direction throughout the formation, where exposed in its entirety, 
suggests that the results of study of the 50 to 600 feet available at 
the eastern localities should be representative. At three of these lo- 
calities, however, a definite variation with horizon has been noted. 


2% McKee, “‘The Kaibab-Toroweap Formations,” Carnegie Inst. Pub. (in press). 
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DISTRICT SOUTH OF LITTLE COLORADO RIVER 


The group of stations south of the Little Colorado River may be 
considered first. In this district the Coconino formation is exposed 
to depths between 50 and 200 feet by the canyons of Clear, Cheve- 
lon, and Showlow creeks, and its upper 10-35 feet outcrops over a 
considerable area of low relief south of and paralleling the Little 
Colorado. In tangential bedding, white to buff color, perfection of 
sorting and quartzose character, the formation closely resembles the 
type at the Grand Canyon. Moreover, vertebrate tracks, probably 
Laoporus noblei, are present in the exposure of Lower Clear Creek. 
They are overlain by limestones, and limy sandstones, some of which 
are strongly cross-laminated, of the Kaibab or Toroweap forma- 
tions,?? along Clear Creek as far north as the lower locality examined 
and to within about 8 miles of the Little Colorado along Chevelon 
Creek. At the more eastern localities the Moenkopi formation over- 
lies the Coconino with an erosional unconformity of no great relief, 
but unknown magnitude. 

The consistency ratios at the stations in this southeastern group, 
eight in all, range from 0.44 (upper Clear Creek) to 0.78 (lower Clear 
Creek), and average 0.62, both the range and the magnitudes being 
less than for the nine localities west of the Cameron meridian. It is 
interesting that this district of low consistency ratios has as its most 
conspicuous character the rather sharp transition from southerly to 
strongly easterly resultant vector directions. Deflection of currents, 
by whatever cause, might be expected to induce local inconsistencies 
in their directions. 

The thickness of the Coconino in the district south and west of 


Holbrook is not known. Darton?® 


quotes the records of wildcat oil 
wells on the Holbrook dome and infers a thickness in the neighbor- 
hood of 600 feet. About a third of that amount is exposed but inac- 
cessible in lower Chevelon Creek and 170 feet are available for study 
in the gorge of Showlow Creek near Snowflake. At that locality talus 

27 The name “Toroweap” has been given by McKee to the lower three of Reeside 
and Bassler’s five divisions of the Kaibab, the latter term being retained for the upper 
two divisions (ibid.). 

28 N. H. Darton, Résumé of Arizona Geology (Tucson: Ariz. Bur. Mines and U.S. 
Geol. Surv., 1925), p. 203. 
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and slump material limit the exposure of the lowermost 50 feet, so 
that an adequate sample was not obtained. From the points which 
were available, however, it is fairly certain that this portion of the 
exposure is characterized by a higher consistency ratio and a more 
southerly direction of the vector resultant than the hundred-odd 
feet above. If the eighteen readings of the lower group are added to 
the thirty-nine overlying (from which the arrow on Fig. 4 was de- 
rived), the latter is changed from S. 80° E. to S. 72° E., and its 
length from 0.58 to 0.62. 


DE CHELLY FORMATION 

Attention may now be directed to the three localities indicated in 
the east-central portion of the map (Fig. 4). These lie in an outcrop 
area of Permian sandstone on the Defiance Uplift, separated by 
broad belts of younger formations from exposures of similar age to 
the west and south. The opinions of Baker and Reeside and of Mc- 
Kee that the De Chelly is probably coextensive with the Coconino or 
some part thereof have been noted on previous pages (pp. 918-19). 
In addition to lithologic similarity, McKee was guided in identifying 
the upper and southern portions of the De Chelly with true Coconino 
by the finding of Coconino type vertebrate tracks at Kin-li-che. A 
discrete area of sandstone identified as De Chelly by Gregory”? and 
by Baker and Reeside*® occurs along the Arizona-Utah boundary 
northwest of the Defiance Uplift. Details of lithology and stratig- 
raphy are given by Baker.** The Monument Valley De Chelly lo- 
cality shown on the map (Fig. 4) is a butte west of, and about 18.5 
miles by road north of, Kayenta. 

Of the 600-odd feet of De Chelly exposed along the White House 
Trail east of Chinle, the mapped symbol represents the lower 450. 
Its consistency ratio is high (0.86), so that after eleven recorded ob- 
servations the cumulative vector resultant remained within the as- 
sumed 5° observational error of its final value (S. 35° W.). The upper 
150 feet exposed along the same trail differs from that just discussed 
in a lower consistency ratio and a slightly more westerly direction. 

29H. E. Gregory, ‘“‘Geology of the Navajo Country,” U.S. Geol. Surv. Prof. Paper 
93 (1917), Pp. 32-33. 


3% Op. cit., pp. 1422 and 1443. 31 Op. cit., pp. 35-38. 
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The upper contact of the formation is with the Shinarump. An ero- 
sional unconformity is beautifully displayed along the trail, where a 
nearly vertical-walled narrow canyon fill of Shinarump extends 60 
or more feet into the De Chelly. Possibly due to this unconformity, 
the upper low-consistency part of the De Chelly on the Wild Cherry 
“trail” about two miles to the east is upward of 250 feet thick, and a 
separate study was made of it at that place. The results (thirty 
observations) supply a vector resultant at S. 45° W., and a con- 
sistency ratio of 0.57. At neither locality is there a marked break in 
the lithology or bedding. The two studies together approximately 
comprehend McKee’s upper member of the De Chelly,*? about three- 
quarters of the cross-laminated part of the formation. 

An aspect of the type De Chelly which appears to have escaped 
comment, but which should be diagnostic as to conditions of origin 
were its significance understood, is the doubly cross, not to say 
furious, character of the lamination in numerous units, especially in 
the middle and upper portions of the part of the formation studied. 
The cross beds, dipping 25°-30°, are themselves cross-laminated in 
narrow down-dip-thinning wedges. This appears to be due to varia- 
tions in strike, the magnitude of the dips involved being essentially 
constant in the cases observed. In a single major unit (bed) 15-20 
feet thick, there may appear a long succession of normal cross 
laminae sweeping from top to bottom, where they become tangent 
to the lower bounding surface. These are then interrupted by one or 
more of the doubly cross-laminated wedges, usually individually less 
than 2 feet thick. This structure is strongly reminiscent of the Type 
2 trough-filling laminae in the Casper formation, reported by 
Knight.*3 Although the plunging troughs with which this type of 
lamination is associated in the Casper seem to have no counterpart 
in the De Chelly, the feature is probably due to similar factors in the 
two cases. It has not been noted in ‘“‘true’’ Coconino. 


THE CEDAR MESA SANDSTONE 
Baker and Reeside*4 having considered the Utah Cedar Mesa 
formation a possible partial correlative of the Coconino, two read- 


33 Op. cit., p. 59. 





34 Op. cit. 
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ings were made on its cross-laminated sandstones. One of these is 
reproduced (after correction for a true dip of 7° due to the Comb 
Ridge monocline) in Figure 6. The essential dissimilarity of the 
record from any of those, either of Coconino or of De Chelly, is 
evident. The direction of the vector resultant is S. 52° E.; the con- 
sistency ratio 0.53; the 90 per cent dispersion 205°. Note further 
that the bulk of the observations fall between 10° and 20° of dip. 
This study was made about 15 miles northeast of Mexican Hat, 
Utah, where most of the formation is of cross-bedded sandstone with 
very minor shale and fresh-water limestone lenses. A second series of 
measurements was made some 33 miles to the southwest, where the 
Cedar Mesa is tonguing out into the Cutler red shale sequence.* 
It comprehends 50 feet of strata, including shale and limestone 
interbeds and gave a record nearly identical with that just de- 
scribed. 

In many characteristics the Cedar Mesa, where examined, appears 
entirely or almost entirely water deposited. Poor sorting, recurrent 
horizontally bedded siltstones and shales, and minor limestones; 
frequently wavy and low-dipping cross-laminations and the occa- 
sional presence of small carbonized woody fragments on their sur- 
face, all contribute to this interpretation. More marked still is the 
frequent evidence of ‘‘soft-rock deformation’’: in nearly all sand 
units which exceed 5 feet in thickness, syngenetic slump has pro- 
duced tortuous recumbent folds without breaking of the individual 
laminae. Such features are described and illustrated by Knight,*° 
and their general mode of formation discussed in connection with 
his experiments by Rettger.’? It is well-nigh inconceivable that such 
structures should be formed subaerially, and the record of the Cedar 
Mesa sandstone (Fig. 6) acquires interest as one of subaqueous 
deposition. Comparison with the other records illustrated does not 
strengthen the common assertion that water-formed cross bedding is 
characterized by greater consistency in direction of inclination than 
wind formed. 

5 Baker, op. cit., p. 31. 

© Knight, op. cit., pp. 74-77. 

37 R. E. Rettger, ‘Experiments in Soft-Rock Deformation,” Bull. Amer. Assoc. 
Petrol. Geol., Vol. XIX (1935), pp. 271-92. 
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EXTENSION TO OTHER FORMATIONS 

A number of readings have been made on wind-blown sandstones 
of Jurassic age in the Plateau Province. While it is hoped to com- 
plete these and render a separate report, it may be of interest to note 
here that consistencies of direction comparable with those shown by 
the Coconino appear to characterize the Wingate and Navajo forma- 
tions over wide areas, and the few observations which have been 
made on Aeolian sands in the Morrison suggest similar agreement. 
In Figure 6 are shown the plotted readings made on the Wingate at 
the type locality, and on the Navajo near Kayenta, Arizona. The 
direction and dispersal of the Wingate have been found essentially 
the same at exposures ranging from 48 miles to the east to 85 miles 
to the northwest of Old Fort Wingate, New Mexico, but are sharply 
at variance with those found in east-central Utah (Spanish Valley) 
and the west-central Colorado (Little Dolores) in sandstones cor- 
related with the Wingate by Baker, Dane, and Reeside.* The pat- 
tern of the Navajo formation taken at Kayenta has been found at 
scattered localities throughout the northern and western Navajo 
Reservation. It resembles that of the Utah and Colorado Wingate 
above noted. Considerable detailed work must be undertaken on 
the Wingate before full credence can be given the foregoing results, 
since the proportion of tangentially to torrentially cross-bedded 
sands varies greatly from place to place in that formation. 

It is of interest to compare the records of older formations with a 
similar study of a Recent sand. Omitting dips of less than 10° to 
render the result more directly comparable with those herein re- 
ported, the attitudes taken by Thompson? at Roger’s Playa, in the 
Mojave Desert, have been subjected to the same analysis. They 
yield a resultant vector direction of S. 56° E., a consistency ratio of 
0.63, and a go per cent angular dispersion of 142°. Unfortunately, 
there are insufficient attitudes (23) for conclusive analysis. 


SUMMARY AND CONCLUSION 
This paper has presented data on cross-lamination direction and 
analyzed them by a proposed quantitative and statistical method. 


38 A. A. Baker, C. H. Dane, and J. B. Reeside, Jr., “Correlation of the Jurassic 
Formation of Parts of Utah, Arizona, New Mexico, and Colorado,” U.S. Geol. Suro. 
Prof. Paper 183 (1936). 

39 Thompson, of. cit., p. 748. 
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Its accuracy depends on the collection of a sufficient number of at- 
titudes in random order from strata marked by homogeneity of causal 
factors within the thickness range investigated. The analysis as- 
sumes that the importance of individual attitudes for interpretation 
of dune or bar shapes and current directions is proportional to the 
magnitude of the dips. 

As pointed out, the collections of data reported are not truly 
random, being weighted against the chance of consistency of direc- 
tion, because only in that way could any such consistency be 
rendered absolutely certain. The assumption of the essential homo- 
geneity within the thicknesses of strata studied at each locality is 
believed to be well justified; at three stations the attitudes of under- 
lying or overlying beds characterized by systematically divergent 
direction have been segregated or omitted from the reckoning pre- 
sented, and their character noted. The assumption implicit in the 
analysis, as explained, is founded on the observation that low dips 
arise either from back-slope bedding or from irregularities of the 
scoured surface to which the lower portions of the structures accom- 
modate themselves. 

For the cartographic representation of results an arrow and arc 
symbol has been devised. Of this the direction is that of the re- 
sultant of vectors expressive of the individual attitude measure- 
ments; the length is proportional to a decimal quantity, the ‘“‘con- 
sistency ratio’ which expresses the perfection of grouping of the 
observations. It is inversely related to the standard deviation and 
has the advantages of ease of computation and convenience of 
plotting. The arc shows the range of direction of the most consistent 
go per cent of the observations. 

For a single formation, the Coconino, a measurable consistency of 
dip directions has been established; an even greater consistency of 
wind directions responsible is indicated by the generally noted 
curvature of the ancient dunes, and the relations between that 
curvature and range of wind direction deduced. 

The Coconino, as reported by Noble and by Schuchert at the 
Grand Canyon, is characterized by prevalent southerly directed 
cross-lamination inclination, except in the southeastern exposures of 
its upper members (Little Colorado district), where southeasterly to 
easterly directions arise by traceable gradation from the more gen- 
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eral case. Possibly a northeastern projection of Stoyanow’s Mazat- 
zal Land® was responsible for this deflection. The nature and direc- 
tion of the cross lamination in the Cedar Mesa formation of southern 
Utah appear to negative the suggestion of partial correlation with 
the Coconino made by Baker. The De Chelly at four localities 
studied is consistent in its directions within itself, regardless of the 
lithographic dissimilarities between its red, feldspathic type occur- 
rence and its southern Coconino aspect exposures. This direction is 
at variance with that of the nearest Coconino exposures; whether it 
is explicable in terms of microclimatology or results from a slight age 
and circulation difference of the two deposits must constitute the 
objective of some future study. Indeed it must be admitted that the 
data reported open up more questions than they answer: the condi- 
tions under which such a tremendous mass of wind-borne sand may 
blanket as extensive an area as does the Coconino, the proximal source 
of that sand, and the final disposition of the finer fractions winnowed 
from it. To the solution of these questions little has been contributed. 

It will be recalled that the evidence of the Saharan ergs is to the 
effect that dunes of great height are essentially stationary,“ and 
certainly the Coconino dunes, many of which have left remnants 
from 20 to 40 and more feet high, must be supposed to have pro- 
gressed with extreme reluctance. Presumably the immediate source 
of the sand was the shore of the early Kaibab (Toroweap) sea, to the 
west and northwest, and the southeastern parts of the Coconino may 
then be distinctly younger than the northwestern. The paleogeog- 
raphy of the time is known only in outline; part of the brief state- 
ment made by the investigators who have given most attention to 
the matter is indeed baffling. 

A large area was receiving red sediments from the east, probably borne by rivers 
from granitic highlands, the climate more or less arid. nto the eastern part of this 
region there came a few incursions of an eastern sea, bringing with them the deposi- 
tion of limestone. On the extreme western margin light-colored sands were 
brought in by streams. As time went on the light-colored sands came in from 
the whole northwestern margin, extending farther and farther out into the area 
and displacing the red sediments. At places the sands, including parts of the 
Coconino, Cedar Mesa and De Chelly, were reworked by the wind. Then a 

# A, A. Stoyanow, ‘“‘Notes on Recent Stratigraphic Work in Arizona,’’ Amer. Jour. 
Sci., Vol. XII (1926), p. 314. 


4° E. F, Gautier, Sahara: The Great Desert, trans. Mayhew (New York: Columbia 
University Press, 1935), pp. 47-48. 
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western sea began to send its waters from the west or southwest, and, as it ad- 

vanced, the zone where the light-colored sands prevail advanced ahead of it, 

though in the extreme eastern part the red sediments continued to be deposited. 
42 

Because of the important events which have been suggested as 
altering world-geography during the Permian, paleoclimatology of 
that time has special interest. The present prevailing winds of north- 
ern Arizona are from the southwest, but the contrast is not helpful in 
view of the marked difference in relief, elevation, and coastline. 

Assuming the accuracy of the writer’s belief in the Aeolian nature 
of the Coconino, J. B. Leighly writes as follows regarding the 
climatologic implications: 

Looking at your map .... it seems to me that the wind directions implied 

by the dips of the cross-beds are in full accordance with the deposition of the 
sand on a land surface that was a coastal or near-coastal desert in the same 
latitude, approximately, as now. (The aridity is not, of course, proven by the 
sand accumulation or the bedding; I am taking that from other evidence you 
imply.) What is indicated is a cyclonic circulation about a hot interior, with 
winds roughly parallel to a coast like the coast of Southern California today. 
The deviation indicated in the southeastern, part of the area about Winslow 
and Holbrook might easily be produced by relief... .. Probably high land to 
the east would contribute to steadiness of the southerly component. The depar- 
ture of direction in the De Chelly from that in the Coconino in general might 
easily be the result of a trend in the coastline from northeast to southwest 
rather than from north to south, such as would give the general (summer) 
winds of the typical Coconino. In these latitudes it would certainly be the 
summer winds that would have the directions implied, since winter winds in 
these latitudes are more variable, and since there must have been wandering 
cyclones in Coconino time just as at present. 
The added assumption of aridity, implied by such facts as the red 
color and feldspathic nature of the apparently contemporaneous 
De Chelly sandstones, renders the results of Professor Leighly’s 
analysis, as he states, unavoidably speculative. 

It appears dangerous to generalize from the wind directions noted 
to a speculative major Permian circulation, since the area reported is 
relatively small, and the prevailing winds of earlier and later times 
are unknown. There is further to be noted an apparent marked con- 
trast in wind direction between such closely related times as are 
represented by the (Jurassic) Wingate and Navajo formations. 

# Baker and Reeside, op. cit., p. 1448. (Italics mine.) 

43 Letter to the writer, February 15, 1938. 




















TERTIARY GEOLOGY OF THE ABIQUIU 
QUADRANGLE, NEW MEXICO 


HAROLD T. U. SMITH 
University of Kansas 
ABSTRACT 

The Abiquiu quadrangle is located in north-central New Mexico, largely in Rio Ar- 
riba County. Tertiary volcanic and sedimentary rocks overlie pre-Tertiary rocks with 
angular unconformity. Oldest of the volcanics is the Chicoma formation, consisting 
mainly of andesite and latite flows, with a maximum thickness of several thousand feet. 
lertiary sedimentaries, heretofore undifferentiated, are divided into three formations: 
(1) the El Rito formation, grading from talus breccia to conglomerate and sandstone, 
maximum thickness about 200 feet; (2) the Abiquiu tuff, consisting of more than 1,000 
feet of stream-laid tuff and volcanic conglomerate, with a few small interbedded lava 
flows; and (3) the Santa Fe formation, consisting of a great thickness of alluvial deposits 
with some interbedded basalt flows. 

Toward the close of Tertiary time, extensive deformation by normal faulting took 
place. Tertiary sedimentaries were downfaulted and downwarped against pre-Tertiary 
rocks on the west, and against Tertiary volcanics on the southwest and, internally, 
were broken into numerous irregular fault blocks. The injection of some of the dikes 
probably occurred at this time also. 


INTRODUCTION 

The Abiquiu quadrangle is located in north-central New Mexico 
and extends west of the Rio Grande Valley (Fig. 1). A small strip on 
the eastern edge lies in Taos County, the remainder in Rio Arriba 
County. Physiographically, the area is located in the western part 
of the southern extremity of the Southern Rocky Mountain Prov- 
ince, as defined by Fenneman.* 

The Abiquiu area is drained by the Rio Grande, mainly through 
the Chama River and its tributaries. The Rio Grande flows through 
the southeastern part of the quadrangle, and the Chama Valley 
occupies roughly the central part, joining the Rio Grande toward 
the southeastern corner (Fig. 2). Bordering the Chama Valley on 
both sides is a broad though irregular belt of badlands and dissected 
pediments. These together constitute the Chama Lowland, which 
forms one of several topographic re-entrants, breaking the general lin- 
ear character of the Rio Grande Depression, itself a major topograph- 

*N. M. Fenneman, “Physiographic Divisions of the United States,’’ Annals Amer. 
Assoc. Geog., Vol. XVIII (1928), pp. 329-30. 
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ic and structural feature of the region.? The Chama, or Abiquiu, re- 
entrant, like the others, is structurally controlled and marks a break 
in the structural pattern as well as in the topography. South of the 
Chama Lowland rises the volcanic highland of the Valles Mountains, 
where stand the highest peaks of the area (Fig. 3). To the north 
there extends a sprawling assemblage of hills and ridges rising 

















Fic. 1.—Index map showing location of the Abiquiu quadrangle in the state of New 
Mexico. Dotted lines mark boundaries of physiographic provinces (after Fenneman): 
A represents the Southern Rocky Mountains province, B the Colorado Plateaus prov- 
ince, C the Great Plains province, and D the Basin and Range province. 


gradually to form a broad upland—the southern extension of the 
San Juan upland of Colorado.’ This upland is deeply trenched by 
the valleys of El Rito Creek and Caliente River, tributaries of the 
Chama. 

The total relief of the Abiquiu area is approximately 5,900 feet. 

? Kirk Bryan, “‘Outline of the Geology and Ground-Water Conditions of the Rio 
Grande Depression in Colorado and New Mexico” (mimeographed report, Rio Grande 
Joint Investigation, National Resources Committee [1936]), pp. 1, 35-37. 

3 W. W. Atwood and K. F. Mather, “‘Physiology and Quaternary Geology of the 
San Juan Mountains, Colorado,"’ U.S. Geol. Surv. Prof. Paper 166 (1932), Fig. 2. 



















TERTIARY GEOLOGY OF NEW MEXICO 935 


Elevations range from less than 5,600 feet in the Rio Grande Valley 
to more than 11,000 feet on the higher peaks of the Valles Moun- 
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Fic. 2.—Generalized topographic map of the Abiquiu quadrangle. Contour in- 
terval is 500 feet. 














tains. Local relief is diverse, but the topography as a whole may be 
described as rugged. 
The Abiquiu area is of particular interest for the light which it 
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throws on Tertiary history in a hitherto little-studied section of the 
Southern Rocky Mountain Province. Detailed observations on local 
stratigraphy and structure contribute to a more adequate picture of 
regional tectonic trends and their relation to erosion and deposition. 

Prior to the present study, very little attention had been given to 
Cenozoic geology in the Abiquiu area. Brief references to various 


a eR wt Pa ao 


Fic. 3.—View of the Valles Mountains from the top of Black Mesa. Caliente River 
lies in the foreground and joins the Chama at the left. Against the skyline stand Chi 
coma Peak, near the center of the picture, and Abiquiu Peak, toward the right. Border- 
ing the Tertiary volcanic mass dominated by these peaks extend the mesas capped by 
Quaternary basalt. 


geologic features in the area, however, are found in reports of the 
early exploratory surveys,‘ and in 1910 a more comprehensive report 


4 J.S. Newberry, in J. N. Macomb, Report of the Exploring Expedition from Santa Fe, 
New Mexico, to the Junction of the Grand and Green Rivers of the Great Colorado of the 
West, in 1859 (Engineering Dept., U.S. Army, 1876), pp. 66-71; F. V. Hayden, “‘Pre- 
liminary Field Report of the U.S. Geological Survey of Colorado and New Mexico,” 
U.S. Geol. and Geogr. Surv. Terr. 3d Ann. Rept. (1869), pp. 169-70; Oscar Loew, ‘“‘Hot 
Springs of Abiquiu, New Mexico,”’ U.S. Geog. and Geol. Expl. and Surv. West of the tooth 
Merid. (Wheeler), Vol. III: Geology (1875), pp. 624-25; E. D. Cope, ‘‘The Extinct 
Vertebrata Obtained in New Mexico by Parties of the Expedition of 1874,’’ U.S. Geog. 
and Geol. Expl. and Surv. West of the tooth Merid. (Wheeler), Vol. IV, Part II (1877), 
pp. 20-25; J. P. Iddings, “On a Group of Volcanic Rocks from the Tewan Mountains, 
New Mexico,” U.S. Geol. Surv. Bull. 66 (1890), pp. 15-16. 
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by Lindgren, Graton, and GordonS provided the first summary of 
regional geology. More recently, the Paleozoic and Mesozoic rocks 
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Fic. 4.—Geologic map of the Abiquiu quadrangle, surveyed in 1932-34 by H. T. U. 
Smith, assisted by C. S. Denny, W. S. White, and H. H. Mellus. Base map is the ad- 
vance sheet of the Abiquiu quadrangle of the U.S. Geological Survey, with some correc- 
tions from field studies and from examination of aerial photographs. Data for the south- 
western corner of the map are from E. S. Larsen’s field map. 


5’ Waldemar Lindgren, L. C. Graton, and C. H. Gordon, ‘‘The Ore Deposits of New 
Mexico,” U.S. Geol. Surv. Prof. Paper 68 (1910). 
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of the area were described and mapped in considerable detail by 
Darton.® Other geologic observations in the area have been inciden- 
tal to more extensive studies in neighboring areas.’ 

Field work for the present study was started late in the summer 
of 1932, was continued during the field season of 1933, and was es- 
sentially completed in the summer of 1934. A short revisit in 1935 
permitted additional observations on some details of structure, and 
in 1937 the examination of a set of aerial photographs of the area‘ 
made possible the correction of some errors caused by inaccuracies 
of the base map used. Areal geology (Fig. 4), in general, was mapped 
by semi-reconaissance methods, supplemented by more detailed 
studies in localities of particular interest. Stratigraphic sections, for 
the most part, were measured with the aneroid barometer. 


PRE-CAMBRIAN ROCKS 


Pre-Cambrian quartzite, schist, gneiss, and gneissoid granite occur 
in a limited area in the northeastern part of the Abiquiu quadrangle. 
In the mountains to the north, and in the Sangre de Cristo Range to 
the east, these rocks are far more widespread.? 

Most important of the pre-Cambrian rocks within the area is a 
massive gray quartzite which is unusually resistant to erosion and 
which forms numerous rugged heights, such as La Madera Moun- 
tain, the Ortega Mountains, and the Mesa de la Jarita. Pebbles and 
cobbles derived from this quartzite are also resistant and are abun- 
dant in certain of the Tertiary sedimentaries, in the Pleistocene till, 
and in the Quaternary gravels. 

In the Ojo Caliente district, granitic rocks,’ and to a less extent 

6N. H. Darton, ‘‘ ‘Red Beds’ and Associated Formations in New Mexico,” U.S. 
Geol. Surv. Bull. 794 (1928), pp. 155-78, Pl. 37. 

7C. S. Ross, ‘“The Valles Mountains Volcanic Centre of New Mexico,” Abst. Trans. 
Amer. Geophys. Union 12th Ann. Meeting (1931), pp. 185-86; Atwood and Mather, 
op. cit., pp. 98-99, Fig. 10. 


8 Made available through the courtesy of Mr. E. R. Smith and Mr. R.E. Murphy, of 
the Rio Grande District Office, U.S. Soil Conservation Service. 

9N. H. Darton, ‘‘Geologic Map of New Mexico” (Washington: U.S. Geol. Surv., 
1928).° 
10 Lindgren, Graton, and Gordon, of. cit., p. 72. 
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the associated schist and gneiss," contributed much coarse detritus 
to basal members of the Tertiary series in that locality. More im- 
portant as sources of sediments were the granitic rocks outside the 
immediate area, particularly those in the Sangre de Cristo Range to 
the east, from which a great part of the sand and silt in the Santa Fe 
formation was derived. 


PALEOZOIC AND MESOZOIC FORMATIONS 

Sedimentary rocks ranging in age from Permian to Cretaceous, 
and having a maximum total thickness of more than 2,000 feet, occur 
in the western and northwestern part of the Abiquiu quadrangle. 
These formations are mapped and described in considerable detail 
by Darton” and need not be further discussed here. Prior to deposi- 
tion of the Tertiary beds, these older rocks were tilted, faulted, and 
eroded. They contributed, however, no recognizable portion of the 
Tertiary sediments in the area studied. 

TERTIARY FORMATIONS 

The Tertiary formations comprise lavas and sedimentary rocks, 
including stream-laid tuff, all resting on pre-Tertiary rocks with 
angular unconformity. The main body of lava flows constitutes the 
Chicoma volcanic formation. The Tertiary sedimentary rocks, 
which, together with Pleistocene till and gravel, were previously 
mapped as one unit, are here subdivided into three formations: the 
El Rito formation, the Abiquiu tuff, and the Santa Fe formation. 


CHICOMA VOLCANIC FORMATIONS 

The Chicoma volcanic formation consists of several thousand feet 
of andesite and latite flows, with some basalt, rhyolite, and volcanic 
breccia." These rocks represent the much-eroded and partly buried 
remnants of an ancient volcanic field which dominated the ancestral 
Valles Mountains. They occur in the southwestern part of the 
Abiquiu area, forming Abiquiu Peak and Chicoma Peak, together 

™ DPD. B. Sterrett, ‘‘Mica in Idaho, New Mexico, and Colorado,”’ U.S. Geol. Surv. 
Bull. 530 (1913), pp. 383-88; Evan Just, ‘‘Geology and Economic Features of the 
Pegmatites of Taos and Rio Arriba Counties, New Mexico,’’ N.M. School of Mines, 
State Bur. Mines and Min. Resources Bull. 13 (1937). 

2“ ‘Red Beds,’ etc.,’’ op. cit. 


'3 Manuscript name, E. S. Larsen. 4 Ross, op. cit. 
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with the surrounding upland. In adjoining areas to the west, south- 
west, and south they are more extensive, and there also form com- 
manding heights. The detailed study of the Chicoma volcanics is 
beyond the scope of this paper and is being carried forward by Pro- 
fessor E. S. Larsen and Dr. C. S. Ross. The ages of the Chicoma and 
other Tertiary formations are discussed together in a later section of 
this paper. 
EL RITO FORMATION 

General character and distribution —The El] Rito formation, here 
distinguished and described for the first time, is the oldest of the 
Tertiary sedimentary formations and rests on pre-Cambrian to 
Jurassic rocks with angular unconformity. It comprises sandstone, 
conglomerate, and breccia—all of which have a characteristic brick- 
red color. The rock is well consolidated and commonly stands in 
steep cliffs. The pebbles are dominantly of quartzite, and volcanic 
material is absent. The maximum thickness of the formation is 
about 200 feet. 

The El Rito formation is of limited distribution and is confined to 
a narrow belt bordering the broad areas underlain by younger rocks. 
The principal localities are: in the Ortega Mountains, along both 
branches of El Rito Creek, in the badland area west of the Cerro de 
las Minas, on the north bank of the Chama about 5 miles west of 
Abiquiu, and in the vicinity of Cafiones. 

In the Ortega Mountains, in the northeastern part of the quad- 
rangle, the El Rito formation occurs as a fill deposited in narrow 
valleys eroded in quartzite (Fig. 5). Its maximum thickness here is 
about 200 feet. Outward from the old valley sides, the rock grades 
from a heterogeneous breccia to a poorly assorted conglomerate 
without distinct bedding. The breccia represents an indurated rego- 
lith and talus; the conglomerate, a torrential stream deposit. The 
fragments and pebbles in both are all of quartzite similar to that of 
the bedrock, and the formation is so well cemented that it breaks 
across rather than around the fragments and pebbles. The matrix is 
compact and fine grained and has a deep, brick-red color. This same 
characteristic color is found also as a stain along joint planes in the 
pre-Cambrian to depths of tens of feet beneath the base of the 
breccia and conglomerate. 











Fic. 5.—El Rito formation overlying buried hill of pre-Cambrian quartzite on 
abandoned logging railroad cut along Madera Canyon in Ortega Mountains. 
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West of the Ortega Mountains, the El] Rito formation occurs as a 
hard, massive conglomerate, very similar to that of the type locality, 
and rather uniform wherever it is exposed. North of El Rito, the 
conglomerate was at one time rumored to contain placer gold in com- 
mercial quantities, but investigation proved the amount to be 
negligible.*s 








Fic. 6.—Relations of the El Rito formation as displayed on the north bank of the 
Chama about 5 miles west of Abiquiu. The El Rito is represented by the darker rock 
in the central part of the picture. Its thickness here is about 60 feet, but decreases to 
nearly zero at the left. The El Rito overlies Morrison sandstone and shale with angular 
unconformity and is overlain disconformably by thin limestone and thick tuffaceous 
gravel of the Abiquiu formation. 


Southwest of the Ortega Mountains, toward the Chama Valley, 
the El Rito formation contains as much sandstone as conglomerate 
and is somewhat less firmly indurated. Here the color is a slightly 
lighter and duller shade of red. 

On the north bank of the Chama, about 5 miles west of Abiquiu, 
the relations of the El Rito to older and to younger rocks are well 
displayed (Fig. 6). The El Rito here is a red sandstone about 60 feet 
thick and contains several lenticular bands of conglomerate. Within 

SE. H. Wells and T. P. Wootton, ‘“‘Gold Mining and Gold Deposits in New Mexico,” 


New Mexico School of Mines, State Bureau Mines and Mineral Resources Circ. 5 (1932), 
pp. 15-16. 
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about 100 yards to the west, the formation wedges out to zero thick- 
ness. Underlying the El Rito and separated by a strong angular un- 
conformity are shale and sandstone beds of the Morrison formation. 
Overlying the El Rito and separated by an erosional unconformity is 
the basal portion of the Abiquiu tuff, consisting of a thin limestone 
bed overlain by gravel. 

Eighteen miles north of the Abiquiu quadrangle, on the north side 
of the Brazos Canyon, rock lithologically similar to the El Rito over- 
lies the pre-Cambrian crystallines. This is probably the rock de- 
scribed by Cope as ‘‘a dense breccia of quartzite fragments closely 
cemented into a uniform rock of general pink color,” and tentatively 
referred by him to the Triassic. Farther to the north, in southern 
Colorado, the Blanco Basin formation*’ also shows some lithologic 
similarity to the El Rito formation. 

Along the west flank of the Sangre de Cristo Range, east of the 
Abiquiu area, a few scattered remnants of the El Rito are found. 
Typical localities, shown to the writer by Mr. E. C. Cabot, are found 
along Arroyo Hondo about 4 miles south of the town of Santa Fe and 
along Little Tesuque Canyon (mapped as Bishops Creek on the 
Santa Fe quadrangle) nearly 5 miles northeast of Santa Fe. Cabot 
has, however, mapped this material in his Picuris formation." 
Farther north, along United States Highway 64 in the Rio Grande 
Canyon, about 21 miles southwest of Taos, the presence of re- 
worked El Rito is suggested by a conspicuous red stain on talus 
fragments and boulders. Future studies will probably reveal an even 
wider distribution. 

Origin of the formation.—Prior to deposition of the El Rito, the 
older formations had been tilted and probably faulted. Across these 
deformed rocks a more or less widespread erosion surface was devel- 
oped. Evidence of this is found north of El Rito, where the relatively 
uniform thickness and lithology of the formation, wherever it is 
exposed in a belt some 6 miles wide from east to west, indicates that 

6 Op. cit., p. 4. 

'7 Whitman Cross and E. S. Larsen, ‘‘A Brief Review of the Geology of the San 
Juan Region of Southwestern Colorado,” U.S. Geol. Surv. Bull. 843 (1935), pp. 48-50. 


8 E. C. Cabot, ‘‘Fault Border of the Sangre de Cristo Mountains North of Sante Fe, 
New Mexico,” Jour. Geol., Vol. XLVI (1938), pp. 88-105. 
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the erosion surface, or basin of deposition, was at least as wide as the 
present outcrop belt. In the resistant quartzite of the Ortega Moun- 
tains, however, erosion had not progressed beyond a stage of early 
maturity. Drainage directions of El Rito time were probably similar 
to those of the present, for the increasing coarseness of the formation 
toward the north indicates deposition by streams flowing from that 
direction. 

The climatic conditions which prevailed prior to and perhaps dur- 
ing the El Rito stage must have been notably different from any 
which followed. The characteristic bright-red color of the formation 
is markedly different from that displayed by younger sediments and 
by modern weathering products. In the Ortega Mountains, this red 
color occurs both in the matrix of the conglomerate and breccia and 
along joint planes in the underlying quartzite. It is obviously of 
local derivation and represents a weathering product of the fer- 
ruginous quartzite, formed by chemical processes peculiar to a 
climatic régime no longer prevailing. Although the precise climatic 
significance of the red color is debatable, the similarity to lateritic 
types of soil is noteworthy, and the postulate of a warmer and more 
humid climate seems reasonable.*? 

ABIQUIU TUFF 

Previous observations.—The occurrence of tuffaceous beds in the 
Abiquiu area was noted by Newberry in 1859° and by Lindgren and 
Graton in rg10.% In 1932, Atwood and Mather recognized the pres- 
ence of andesitic material in the so-called Santa Fe formation and 
described specific localities in the northeastern part of the Abiquiu 
quadrangle. In the present study the tuff was found to be of wide- 
spread occurrence elsewhere in the area and to be of sufficient im- 
portance to rank as a formation. 

General character and distribution —The Abiquiu tuff consists of a 
great thickness of stream-laid tuff and volcanic conglomerate, resting 
unconformably on the El Rito and older rocks. On the whole, the 
tuff is rather well indurated and commonly forms steep to pre- 

19 Cf. C. E. Kellogg, ‘‘Development and Significance of the Great Soil Groups of the 
United States,” U.S. Dept. Agriculture Misc. Publ. 229 (1936), p. 22. 

20 Op. cit. 31 Op. cit., p. 72. 
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cipitous slopes. In the field it is easily recognized by its pure-white 
to light-gray color and, in the lower and more arid parts of the area, 
by its characteristically abrupt and angular topographic forms. The 
main body of the tuff is made up of fine-grained material, which 
varies from finely laminated to massively bedded. Arkosic gravels 
occur at the base, and broadly lenticular beds of volcanic conglomer- 
ate occur at many horizons throughout the formation. Interbedded 
lava flows occur at a few localities. On the whole, the formation con- 
tains no distinctive horizon markers. 

The Abiquiu tuff underlies about one-eighth of the total area of 
the quadrangle. The outcrop belt is broadest in the north-central 
part of the area, narrows toward the southwest, and crosses the 
Chama Valley west of Abiquiu, ending under the Quaternary lavas. 
Detached outcrop areas of smaller size occur in the vicinity of La 
Madera and Ojo Caliente toward the northeast and near Cafiones 
and on Pedernal Peak in the southwestern part of the quadrangle. 

The basal portion of the Abiquiu tuff is best exposed in the vicin- 
ity of Ojo Caliente, along the Chama Valley about 4-5 miles west of 
Abiquiu, and on the slopes of Pedernal Peak. In the Ojo Caliente 
district, the basal material grades from unassorted granitic talus to 
stream-laid gravel, also granitic. Its thickness varies from zero to 
about 100 feet. Variations in thickness are related to irregularities 
of the buried topography (Fig. 7), and in many places where the tuff 
overlaps onto buried hills it is in direct contact with granite, no 
gravel or talus being present. 

Along the Chama Valley west of Abiquiu, a bed of hard, compact, 
light-buff limestone occurs locally at the base of the Abiquiu tuff. 
This limestone varies in thickness from 5 to 10 feet and in places 
contains small pebbles and chips of granite and quartzite. It rests 
on the eroded surface of the El Rito formation (Fig. 6). The lime- 
stone is overlain by a poorly stratified, dirty-brownish arkosic grav- 
el, having an estimated maximum thickness of about 300 feet. This 
gravel is coarser and darker below, finer grained and lighter above, 
grading upward into true tuff. The pebbles are derived entirely from 
pre-Cambrian crystallines. On the slopes of Cerro Pedernal, the 
basal gravel is similar in character but has a thickness of only about 
175 feet. 
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Fic. 7.—Plane table map of the Ojo Caliente district, surveyed by H. T. U. Smith, 
C. S. Denny, W. S. White, and H. H. Mellus in 1933-34. This map shows details of the 
sedimentary contact between Abiquiu tuff and re-excavated buried hills of pre-Cam- 
brian “granite.’”’ It shows also the character of the faulting, the “granite” and overly- 
ing tuff constituting a single fault block. 
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The conglomerate horizons which occur in the body of the forma- 
tion are entirely different from the basal gravel. The pebbles are 
dominantly of volcanic rock, principally andesite and rhyolite, but 
a few of granite and quartzite are found also. In the northern part 
of the area, conglomerate beds are massive in appearance and attain 
a thickness of 50 feet. They occur at many levels and form promi- 
nent benches on the valley sides. Individual beds wedge out later- 
ally and generally cannot be traced for more than a mile or two. 
They contain cobbles and boulders of all sizes up to 3 feet in diame- 
ter. Toward the southern part of the area, the conglomerate beds 
are no less numerous, but are finer, thinner, and somewhat less 
prominent. There the pebbles generally do not exceed about 6 inches 
in length. 

Interbedded lavas occur in the Abiquiu tuff at several localities. 
About 5 miles north of El Rito, some 100 feet of altered, amygda- 
loidal basalt occurs toward the base of the formation. Similar 
lava occurs about 2 miles southwest of Vallecitos and on the western 
side of the Ojo Caliente district (Fig. 7). At the latter locality the 
lava underlies basal gravel and directly overlies pre-Cambrian gran- 
ite. About 2 miles north of Ojo Caliente a basalt of somewhat dif- 
ferent lithology underlies tuff which appears to be transitional into 
the overlying Santa Fe formation. Along the valley of Tusas Creek 
in the northeastern corner of the quadrangle, just south of Petaca, a 
reddish, porphyritic rhyolite of jasperoid appearance occurs near the 
base of the tuff. In the badlands about 2 miles southwest of Abiquiu, 
a small, irregular basaltic cinder cone, once buried in the tuff, has 
been partly exhumed by erosion. 

A unique occurrence within the Abiquiu tuff is a 5-foot bed of 
flint, found on the slopes of Cerro Pedernal about 175 feet above the 
base of the formation. The flint varies in color from wax gray to 
light-red and black and is generally of mottled appearance. It forms 
a single massive bed. On the southern slope of the peak this flint was 
once quarried by the Indians. Recent studies by Church and Hack 
show that this flint is rather widely distributed in the area to the 
southwest.” 

The total thickness of the Abiquiu tuff reaches a maximum of at 


2 John T. Hack and F. S. Church, personal communication. 
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least 1,200 feet some 5 miles west of Abiquiu. In the vicinity of 
Cafiones, however, the thickness appears to be less than 500 feet, and 
on Cerro Pedernal it increases again to at least 700 feet. In the 
northern part of the area, the thickness certainly exceeds 500 feet 
and may even be greater than 1,000 feet. Lack of good horizon 
markers and complications by faulting make more complete and 
precise estimates impossible. 





Fic. 8.—Characteristic erosional forms of the Abiquiu tuff, about 3 miles northeast 
of Abiquiu. The Cerro de las Minas stands in the background. 


In the greater part of the area, the erosion forms of the tuff are 
highly characteristic (Fig. 8). The topography is of the badland 
type, with tortuous, nearly vertical-sided gulches. Bedding is gen- 
erally etched sharply in relief by weathering. In detail, the weather- 
ing forms are picturesque and even fantastic, comprising “striking 
imitations of spires, churches, pyramids, monumental columns, and 
castles.”’?3 

The Abiquiu tuff is separated from the underlying El Rito forma- 
23 Newberry, op. cit. 
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tion by an erosional unconformity. This is well displayed on the 
north bank of the Chama west of Abiquiu (Fig. 6) and along Madera 
Canyon on the east side of the Ortega Mountains. At the latter 
locality the tuff contains a few reddish, weathered fragments of the 
El Rito and lies at a lower level than adjacent ledges of the El Rito, 
with an outcrop pattern that indicates channeling and fill. At many 
other places, however, the Abiquiu tuff rests directly on pre-Tertiary 
formations, owing in some places to complete removal of the El Rito 
by erosion and in other localities to overlap across the top of the El 
Rito against the buried hills around which that formation was 
deposited. 

Origin of the formation.—The greatly increasing coarseness of the 
conglomerate beds in the tuff toward the north indicates that it was 
deposited by streams flowing from that direction and acquiring their 
load probably at no great distance beyond the Abiquiu area. A large 
part of the material was undoubtedly supplied by local eruptions at 
various places in the Tusas quadrangle, and the vigorous erosion and 
deposition seem best explained as due mainly to the effect of vol- 
canism on stream gradients. On the whole, the tuff may be pictured 
as a broad, irregular piedmont fan deposit with its apex in the central 
or west-central part of the Tusas quadranglé. This fan deposit was 
laid down on a topography which was probably similar to that of the 
E] Rito stage, although somewhat modified by stream dissection and 
perhaps also by mild deformation. 

The original extent of the tuff fan is problematical. Its eastern 
extension is concealed beneath a thick cover of the Santa Fe forma- 
tion. True, there are scattered occurrences of tuff at many localities 
along the western slopes of the Sangre de Cristo Range north of 
Santa Fe,?4 but their relations to the Abiquiu tuff are uncertain. 
They may represent other fan deposits derived from other sources, 
perhaps at different times. To the west, it is probable that the 
original extent of the Abiquiu tuff was considerably greater than its 
present outcrop belt. Significant evidence as to this is found in the 
relations of Cerro Pedernal (Fig. 9), a topographic and stratigraphic 
outlier standing at a high elevation on the western edge of the 
Abiquiu quadrangle. This peak lies west of a major zone of faulting 
24 Cabot, op. cit. 
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and tilting which determines the western boundary of the main belt 
of tuff (note sec. EF, Fig. 10) and rests on a platform of essentially 
undeformed Mesozoic rocks.** The tuff on the upper slopes of the 
peak has a thickness of at least 700 feet and stands at a higher 
elevation than much of the surrounding topography. In the absence 
of topographic highs or structural interference for some distance to 
the west and south, it is inferred that the tuff once extended over the 





Fic. 9.—Cerro Pedernal, at the western edge of the Abiquiu quadrangle a few miles 
southwest of Cafiones. This peak forms a prominent landmark visible for tens of miles. 
It is capped by Tertiary basalt, which overlies some 1,150 feet of Tertiary sedimentary 
rock resting on a platform of Paleozoic and Mesozoic sedimentary formations. In the 
middle distance, Abiquiu tuff is downfaulted against the rocks of the peak, to the level 
of the valley floor. 


older rocks for many miles in those directions and was reduced to its 
present stand by erosion. 

To the south, the Abiquiu tuff fan appears to have lapped against 
the Chicoma volcanic mass after active volcanism had ceased. The 
nearest tuff deposits, in the vicinity of Cafiones, contain no material 
indicative of contemporaneous volcanism, have no very coarse ma- 
terial of any kind, and carry few if any pebbles having typical 


25 Darton, ‘‘ ‘Red Beds,’ etc.,”’ op. cit. 
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Chicoma lithology.”® The same is true of the overlying Santa Fe 
formation. These facts indicate that volcanism had practically 
reached quiescence and suggest either that the relief of the volcanics 
was too low for vigorous erosion, or that the drainage lines of that 
time were much different from those of today. 

The basal granitic gravel of the Abiquiu tuff presents a separate 
problem. This gravel is so thick and so extensive as to indicate ac- 
tive erosion in widespread areas of granitic rock. The pre-Cambrian 
rocks in the Sangre de Cristo Range to the east would have provided 
an adequate source, supplying streams flowing to the west or south- 
west. Such streams might later have been crowded to one side as 
the tuff deposits were built up. 

The climate of the Abiquiu tuff stage was certainly different from 
that of El Rito time, for the typical red coloration of the El Rito is 
entirely absent. Other evidence relevant to climate is wanting, but 
it seems probable that climatic conditions were in general similar to 
those of Santa Fe time, which immediately ensued. 


SANTA FE FORMATION 


Previous studies —The Santa Fe formation, or Santa Fe ‘‘marls,”’ 
is widely distributed along the Rio Grande Valley in northern New 
Mexico, and its occurrence in the Abiquiu area was early noted.” 
In 1903 a summary of previous studies on the formation was pre- 
sented by Johnson, and origin as an alluvial rather than as a 
lacustrine deposit was demonstrated.”* Later studies included a brief 
note by Simpson,”’ a generalized areal map by Darton,*° an areal 
study on the southern side of the Jemez Mountains by Renick,** and 
reconnaissance observations by Atwood and Mather.*? In addition, 


6 FE. S. Larsen, personal communication while in the field with the writer. 

27 Hayden, op. cit.; Cope, op. cit. 

28D. W. Johnson, ‘The Geology of the Cerrillos Hills, New Mexico,” School of Mines 
Quarterly, Vol. XXIV (1903), pp. 313-32. 

29 G. G. Simpson, ‘‘Reconnaissance of Part of the Santa Fe Formation,’ Abst. Bull. 
Geol. Soc. Amer., Vol. XXXVI (1925), p. 230. 

3° “Geologic Map of New Mexico,”’ op. cit. 

31 B. C. Renick, ‘“‘“Geology and Ground-Water Resources of Western Sandoval 
County, New Mexico,” U.S. Geol. Surv. Water Sup. Paper 620 (1931), pp. 56-58, PI. 1. 
32 Op. cit., pp. 98-99, Fig. 10. 
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descriptions of fossil mastodons from the Santa Fe region, including 
a few vaguely defined localities in the Abiquiu area, were published 
by Frick in 1933. More detailed studies of the Santa Fe along the 
Rio Grande Valley east and south of the Abiquiu area have been 
carried on by Bryan and others since 1932, but as yet are published 
only in part. 

General character and distribution.—The distribution and lithology 
of the Santa Fe formation indicate that it represents a piedmont 
alluvial fan deposit built out westward and southwestward from the 
Sangre de Cristo Range. As developed in the Abiquiu area, the for- 
mation represents more particularly the lower end of this ancient fan 
deposit and consists of a great thickness of unconsolidated and 
partially consolidated sand, silt, clay, and pebbly beds, with minor 
amounts of calcareous and of tuffaceous material, and, locally, inter- 
bedded basalt flows. The color of the beds varies from light-gray 
through greenish-gray to the typical and dominant light-buff and 
reddish colors, all in manifold alterations from bed to bed. 

The composition and texture of the Santa Fe formation are highly 
variable, both laterally and vertically, and few individual beds are 
persistent over any considerable distance. The pebbly layers are 
commonly thin, lenticular, and comparatively fine grained, contain- 
ing pebbles, here mainly volcanic, which rarely exceed a few inches 
in length. In the sand beds, cross-bedding, both fluviatile and eolian, 
is common, and concretionary structures are locally numerous. The 
greater part of the formation is made up of beds of sand and silt, 
which generally are more or less clayey. Beds of true clay occur in 
some places also but make up only a very small percentage of the 
total bulk of the formation. 

The Santa Fe formation is widely distributed, underlying more 
than one-third of the total area of the Abiquiu quadrangle. South- 
east of a line drawn diagonally from the southwest to the northeast 
corner of the quadrangle, its outcrop area is extensive and continu- 
ous. Smaller, detached areas occur near Cafiones at the west and 
near Vallecitos at the northeast. 

33 Bryan, op. cit.; Kirk Bryan and Franklin T. McCann, ‘‘The Ceja del Rio Puerco: 
A Border Feature of the Basin and Range Province in New Mexico,” Jour. Geol., 
Vol. XLV (1937), pp. 801-28. 











954 HAROLD T. U. SMITH 


The thickest and perhaps most typical exposures of the Santa Fe 
formation in the Abiquiu area occur on the western slopes of Black 
Mesa. About 4 miles from the southwestern tip of this mesa the 
section is as follows: 


Quaternary Feet 
WE reese tees : a - 
a ARE otek tes i cidiaaabneenn ae 


UNCONFORMITY 
Tertiary Santa Fe formation 
Alternating beds of buff-colored sand and of red clay with 


SONNE CAICATOOUS THYONS .....w. - oss c cee cesses ceies 130 
Fine-grained, light-gray to light-buff sand with numerous 
nodular and lenticular concretions................... 140 


IIE ae tte tea Rae ee el ee ee 

Alternating beds of greenish-gray and of buff-colored sand 
with some calcareous material...................... 150 

Light-gray sand grading upward to light-buff sand with 
numerous lenticular concretionary beds and prominent 
high-angle cross-bedding . 540 


Thickness of Santa Fe ; . 990 


The base of the exposed section lies an undetermined distance 
(probably several hundred feet) above the base of the formation, 
and an unknown thickness has been eroded from the top of the sec- 
tion. Beds lithologically similar to those of the Black Mesa section 
are found at many places in the Abiquiu area, but specific corre- 
lations are highly tentative, owing to complications by faulting. 

Basalt flows occur in the Santa Fe at several localities. About 7 
miles south of El Rito, a chaotic aggregate of altered amygdaloidal 
basalt flows, with associated pyroclastic material, is exposed. It was 
apparently erupted from a near-by vent, which, however, is not 
exposed. On the summit of the Cerro de las Minas a few miles to the 
west, there are basalt flows whose structural position suggests that 
they are interbedded in the Santa Fe. 

In the south-central part of the quadrangle between Bear Creek 
and Santa Clara Creek, interbedded flows are more numerous and 
have a much wider extent. In the easternmost of the high residual 
hills between the two streams, Santa Fe basalt, including a smail 
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proportion of interbedded sedimentary material, reaches a thickness 
of about 500 feet. The eruptive center was probably close by. West 
and northwest from this hill, certain of the flows extend for many 
miles, with decreasing total thickness. To the northeast, one flow 
extends, with some interruptions, as far as the main Abiquiu- 
Espanola road near the mouth of Bear Creek. The interbedded ba- 
salts on the mesas just southeast of Cerro Pedernal and south of 
Cafiones are petrographically similar to one another and to the Bear 
Creek flow. Probably they were derived from the same eruptive cen- 
ter at approximately the same time, and possibly they were once 
continuous. If this is true, it suggests that the topography in the 
intervening area may have had low relief and that the ancient 
Chicoma volcanic mass may have been either partly or wholly 
buried beneath the Tertiary sediments. The interbedded flow which 
caps Cerro Pedernal appears to be stratigraphically lower than those 
immediately to the east and may have been derived from a different 
source. 

The Santa Fe formation, in general, is comparatively soft and 
easily eroded. Slopes are commonly less steep and contours less 
angular than in the Abiquiu tuff. Badland topography is formed in 
the youthful stage of dissection, and broad erosion surfaces in more 
advanced stages. The interbedded lavas, however, generally form 
prominent mesas or buttes. 

There is no sharp contact between the Santa Fe formation and the 
underlying Abiquiu tuff. In all sections where the two formations 
occur together, there is a gradational transition from the one to the 
other, extending over a vertical range of from about 100 to 300 feet. 
It is probable that there is some lateral gradation, or interfingering, 
also. This is suggested particularly by the beds exposed south of the 
Ortega Mountains near the divide between El Rito Creek and 
Caliente River. 

Origin of the formation.—The Santa Fe formation represents an 
extensive alluvial fan deposit,4 laid down on a topography which 
resembled the landscape of today only in its broader features. The 
distribution of the principal highland areas was undoubtedly much 
the same then as now, but the general relief was lower and the 
34 Cf. Johnson, of. cit. 
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gradients gentler. A large part of the faulting which helped deter- 
mine present relief had not yet taken place, and, in the Abiquiu area, 
a great thickness of tuff had been deposited before deposition of the 
Santa Fe proper was initiated. The Sangre de Cristo Range con- 
stituted the principal highland area of the time, and there were 
lesser highlands at the Chicoma volcanic center and in the areas of 
pre-Cambrian rock extending from the northeastern part of the 
Abiquiu area northward into the Tusas quadrangle. 

The streams which deposited the Santa Fe flowed west or south- 
west from the Sangre de Cristo Range. The materials of the forma- 
tion are such as would have been derived from the granitic rocks of 
that range and, eastward toward the mountains, are progressively 
coarser and more arkosic. The streams which built up the coalescing 
fans were probably graded to a through-going river, for in the area 
south of the Abiquiu quadrangle the Santa Fe has been found to 
contain a zone of characteristic river gravels, apparently deposited 
by the ancestral Rio Grande.’ No comparable gravels were found 
in the Abiquiu area, however, nor any deposits which might have 
been laid down on the west side of that river by tributary streams 
flowing from the extensive areas of shale, red beds, and other sedi- 
mentary rocks which occur to the west and northwest. These facts 
suggest that the ancient river flowed southwest and west of the area 
in which the Santa Fe is now exposed. The large proportion of eolian 
sand in the Santa Fe formation toward the western part of the area 
is consistent with this interpretation, for the association of dune 
sand with the belt bordering the flood plain is a common one. The 
westward course of the river may have been a result of crowding by 
the growing piedmont fan on the east. 

Ultimately, the deposition of the Santa Fe formation was a result 
of regional tectonic disturbance. The continuous upbuilding of the 
side streams, and presumably of the main river to which they were 
graded, was undoubtedly the expression of a readjustment to 
changes in gradient incident to repeated crustal warping. The great 
thickness of the formation indicates that this deformation must have 
been of considerable magnitude. Its locus and its detailed character, 
however, are beyond the scope of the present inquiry. 


3s Kirk Bryan, ‘‘Outline of the Geology, etc.,” op. cit., pp. 26-28. 
) ) PI 
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The relation of the Santa Fe deposits to the Abiquiu tuff is un- 
certain. It is possible, on the one hand, that there was deformation 
and some erosion of the tuff prior to deposition of the Santa Fe. On 
the other hand, it is possible that deposition may have been essen- 
tially continuous with simply a shifting from one dominant source of 
material to another. Future studies in surrounding areas may con- 
tribute to a solution of this problem. 

The climate of the Santa Fe stage was probably somewhat more 
humid than that of the present. This is indicated by the diversified 
fauna,*° which included the mastodon, rhinoceros, camel, deer, 
three-toed horse, dog, weasel, oreodont, and beaver. At least during 
certain seasons of the year, there must have been heavy rainfall to 
provide the abundant vegetation necessary to support this fauna, 
particularly the large herbivores. 

Age and correlation of the Tertiary formations.—Although no diag- 
nostic fossils have been found in the Abiquiu area, the Santa Fe 
formation here is essentially equivalent to the beds from which 
fossils have been obtained in neighboring areas. On the basis of these 
fossils, Osborn, in 1909, listed the formation as upper Miocene*’ but, 
later, in 1918, regarded the lower part of the formation as transition- 
al into the Pliocene and the upper part as early lower Pliocene.** 

At least in its lower part, the Santa Fe formation may be equiva- 
lent to the Conejos formation of southwestern Colorado, as sug- 
gested by Atwood and Mather.*? It is here questioned, however, 
whether “a small part, approximately the upper third, of the 
Santa Fe formation is really of Los Pinos age,” as was also sug- 
gested by Atwood and Mather.*® The gravels which elsewhere they 
regard as probably representing the Los Pinos are only about 50 

© Cope, op. cit., p. 361; W. D. Matthew, “‘A Provisional Classification of the Fresh- 
Water Tertiary of the West,” Bull. Amer. Mus. Nat. Hist., Vol. XII (1900), Art. 3, 


pp. 19-75; Childs Frick, ‘“New Remains of Trilophodont-Tetrabelodont Mastodons,”’ 
Bull. Amer. Mus. Nat. Hist., Vol. LYX (1933), Art. 9, pp. 505-652. 

37 H. F. Osborn, ‘‘Cenozoic Mammal Horizons of Western North America,”’ U.S. 
Geol. Surv. Bull. 361 (1909), p. 65. 

38 Osborn, ‘‘Equidae of Oligocene, Miocene, and Pliocene of North America, Icono- 
graphic Type Revision,’’ Mem. Amer. Mus. Nat. Hist. (N.S.), Vol. II, Part I (1918), 
Pp. 34. 


39 Op. cit., pp. 98-99. 4 Tbid., p. 98. 
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feet thick, are separated from the underlying Santa Fe beds by a 
strong angular unconformity, and are directly overlain by basalt. 
These gravels and basalt flows correspond to the gravel and basalt 
which overlie the Santa Fe in the Black Mesa section and are in no 
wise to be regarded as a part of the Santa Fe itself. 

No fossils have been found in the Abiquiu tuff. A pre-Pliocene age 
is indicated for the tuff, however, by its position beneath the Santa 
Fe. Additional evidence as to age is found in the observations of 
Atwood and Mather on beds occurring in the northeastern part of 
the Abiquiu area. These beds, here mapped as Abiquiu tuff, are be- 
lieved to correspond to the Conejos tuff of Colorado, mainly on the 
basis of lithologic similarity.‘ Inasmuch as the Conejos tuff is 
younger than the Burns tuff of the Silverton series*’ and older than 
the Creede formation,** both dated by plant remains as Miocene, 
this suggests a Miocene age for the Abiquiu tuff also. 

The age of the El Rito formation is uncertain, paleontologic 
evidence being entirely wanting. Its position beneath the Abiquiu 
tuff suggests that it is at least pre-Upper Miocene, and conceivably 
it may even be as old as Eocene. Indeed, it has some lithologic sim- 
ilarity to the Eocene Huerfano formation of southern Colorado.‘ 

The Chicoma volcanic formation is also of uncertain age. Strati- 
graphic and structural relations indicate a pre-Abiquiu tuff age. 
Post-Wasatch age is suggested by the absence of conspicuous vol- 
canic detritus from the Wasatch formation where it is exposed to the 
west. Tentatively, the Chicoma formation may be assigned to mid- 
Tertiary age and provisionally may be considered as equivalent to 
the Miocene volcanics of the San Juan Mountains in Colorado. 

INTRUSIVE ROCKS 

Intrusive rocks cutting the Santa Fe and older formations com- 
prise basaltic dikes, sills, and irregular intrusive masses. Dikes are 
by far the most numerous and commonly form low but prominent 

4 Tbid., p. 99, Pl. 22-A. 

#2 [bid., p. 98. 

43 Cross and Larsen, op. cit., pp. 51-52. 44 [bid., pp. 53, 91, 100. 

45 Cf. R. C. Hills, ‘Description of the Spanish Peaks Quadrangle,’’ U.S. Geol. Surv. 
Folio 71 (1901), p. 2. 


# Cross and Larsen, of. cit., pp. 50-51. 
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ridges. In places they show branching, and locally there are tend- 
encies toward an en echelon arrangement. 

The exact date of intrusion is uncertain, but it seems probable 
that at least some of the intrusives were injected during the period of 
post-Santa Fe deformation. In a few places the attitude of the dikes 
suggests the possibility of some displacement by faults, but in no 
place is the evidence wholly convincing. In one place, a minor dike 
was injected for a short distance along a fault plane, but in general 
there is no discernible association of intrusion with faulting, al- 
though commonly the trend of the dikes is roughly accordant with 
the strike of the nearest faults. In no place were the intrusives found 
to be directly connected with either interbedded or surface flows, 
although such a relationship seems a reasonable postulate for some 
of the dikes. 

QUATERNARY FORMATIONS 

Quaternary formations overlie pre-Quaternary formations with 
angular unconformity. They comprise: (1) the Canjilon till of the 
Cerro(?)glacial stage;‘7 (2) the Cafiones andesite and (3) the Hins- 
dale(?)4* and Lobato basaltic lavas, which were poured out on high- 
level erosion surfaces; (4) the Puyé gravel, which overlies an erosion 
surface at an intermediate level and is overlain, in places, by (5) the 
Bandelier rhyolite tuff and (6) local flows of basalt near Abiquiu. 
These formations are to be discussed at greater length in a forth- 
coming paper on the physiography and Quaternary geology of the 
area. 

GEOLOGIC STRUCTURE 
GENERAL CHARACTER OF THE DEFORMATION 

Structural relations in the Abiquiu area are governed by normal 
faulting (Fig. 10). On the whole, the area may be described as a rude 
mosaic of irregular, tilted, fault blocks, or structural units, which 
vary considerably in size, shape, orientation, and distinctness of 
outline. The dip of the beds within the various fault blocks reaches 
a maximum of about 30° but generally does not exceed 15°. The 

47H. T. U. Smith, “Periglacial Landslide Topography of Canjilon Divide, Rio 
Arriba County, New Mexico,” Jour. Geol., Vol. XLIV (1936), pp. 836-60. 


‘8 Cross and Larsen, of. cit., p. 97. 
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faults themselves nearly all have steep dips, generally of the order of 


° 


70. 

Individual faults vary widely. Clean, sharp breaks are common in 
the harder rocks and are of local occurrence also in the unconsoli- 
dated beds. In the latter, however, more or less drag and brecciation 
are commonly found. The total displacement, ranging from less than 
100 feet to more than 1,000 feet, may be effected by either a single 
fault, a series of step faults, or a fault zone of considerable width. 


Wed cd 





Fic. 11.—‘Battleship Rock,”’ just west of Abiquiu, formed by a cemented fault 
zone. 


Variations along the strike are characteristic of many faults. 
Branching, change in strike, and change in amount of displace- 
ment are all common. In a few places offsets are produced by cross 
faults, as in the Ojo Caliente district (Fig. 7). 

Where sand beds of the Santa Fe formation are involved, faults 
are commonly marked by resistant cemented zones which form dis- 
tinctive ridges, such as “Battleship Rock,” west of Abiquiu (Fig. 
11). Within such zones, there is generally much brecciation and ir- 
regular veining, and bedding is obscured. In the field the presence 
of cemented zones gave the first clue, if not the only clue, to the 
existence of certain faults. 

















TERTIARY GEOLOGY OF NEW MEXICO 961 


In mapping the faults, stratigraphic evidence, topographic ex- 
pression, and actual exposures of the fault surface were all used. 
Within the Santa Fe formation, however, mapping was much handi- 
capped by lack of horizon markers. Only locally, where distinctive 
beds are visibly offset, or where a cemented zone is present, can the 
faulting be recognized, and even there the faults generally cannot be 
traced for any considerable distance. As a result, the fault pattern 
cannot be adequately mapped in certain portions of the area, and 
the amount of displacement involved in many known faults can be 
estimated only very roughly. 


THE FAULT PATTERN 


Although in detail the fault pattern at first appears irregular, 
certain systematic trends become apparent when it is viewed in the 
large. The general effect of faulting and tilting is to outline the 
northern end of the Valles Mountains as a fault-block range and to 
bring down the younger Tertiary rocks on the east against the older 
rocks of the bordering highlands on the west. 

In the west-central part of the area the deformed rocks of the 
Tertiary basin are brought down against the older rocks by a series 
of major faults trending in a general northeasterly direction, and 
lying partly within the older rocks, partly between the Tertiary and 
the pre-Tertiary rocks, and partly within the Tertiary rocks. The 
downthrow side of all these faults is to the east, and the dip of the 
faulted beds varies from a southerly to an easterly direction. 

In the northern part of the area the faulting is all within the area 
of the Tertiary rocks rather than between the Tertiaries and the 
older rocks. The trend of the faults in this part of the area varies 
from north-south to northwest-southeast, with the downthrow side 
to the west. In general, the blocks are tilted strongly down to the 
east, however, so that the Tertiary beds form basins to the east of 
crystalline ridges (see secs. AB and CD, Fig. 10). 

The northern end of the Valles Mountains is best interpreted as a 
relatively upfaulted block (see sec. JJ, Fig. 10). The bounding fault 
on the east side is exposed, though not too clearly, in Santa Clara 
Canyon and along the upper stretches of Bear Creek. Farther north, 
the nature of the faulting is largely concealed by Quaternary lavas, 
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which, however, show linear scarps suggesting some renewal of fault 
movement in Quaternary time. Obviously the uplift dies out rather 
abruptly in that direction, however, and the mountain block nar- 
rows to a broad, blunt wedge which terminates against a re-entrant 
structural depression wedging out to the southwest. 


RELATIONS TO REGIONAL TECTONIC TRENDS 
The faults in the Abiquiu area are related to a series of similar 
faults which extend a considerable distance to the south,‘? and 
probably also to the north, and consistently bring the Tertiary for- 
mations. on the east into contact with the older rocks on the west. 
A corresponding series of faults extends along the western flank of 
the Sangre de Cristo Range, bringing pre-Cambrian and Carbonif- 
erous rocks of that range on the east against the Tertiary basin 
deposits on the west.’° Together these two sets of faults outline the 
Rio Grande Depression as a major graben. This graben is somewhat 
irregular in pattern, however, and is characterized by various re- 
entrants and offsets.* The Chama or Abiquiu Lowland constitutes 
one of these re-entrants. 


AGE OF THE DEFORMATION 

In the Abiquiu area there were two main periods of deformation 
during the Cenozoic. The first occurred in pre-El Rito time, the 
second in post-Santa Fe time, near the close of the Tertiary. Minor 
and local deformation probably occurred in the interval between 
these two main periods but is not definitely demonstrable. In Qua- 
ternary time there was some minor faulting and warping also. 

Evidence that the Cretaceous and older rocks were faulted and 
tilted prior to deposition of the El Rito is particularly well displayed 
at two places. On the north bank of the Chama about 5 miles west 
of Abiquiu, the El Rito dips 18° to the east, whereas the underlying 
Morrison dips 21° to the west (Fig. 6). This indicates that tilting in 
pre-El Rito and in post—El Rito time took place in opposite direc- 
tions and that the dip of the Morrison as a result of the first deforma- 
tion must have been much steeper than at present. Less than a mile 

49 Bryan, ‘‘Outline of the Geology, etc.,’’ op. cit., Figs. 4 and 5s. 

5° Cabot, op. cit. 


5! Bryan, ‘‘Outline of the Geology, etc.,’’ op. cit., pp. 35-37. 
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north of this locality additional evidence is provided by a minor fault 
between Wingate and Chinle. This fault is unconformably overlain 
by unfaulted basal gravel of the Abiquiu tuff, the El Rito being 
absent (Fig. 12). It now has the appearance of a reverse fault but 





Fic. 12.—Minor fault between Wingate and Chinle, about 1 mile north of the Chama 
and about 5 miles west of Abiquiu. This fault is unconformably overlain by unfaulted 
basal gravel of the Abiquiu tuff, the El Rito being absent. This structure is interpreted 
as an originally normal fault later rotated past the vertical. 


was, in all probability, formed as a normal fault and later rotated 
past the vertical during the second main period of deformation, as a 
result of rotational movement of a newly formed fault block in which 
it chanced to be situated. Similar relations are displayed along El 
Rito Creek in the north-central part of the quadrangle. There the 
El Rito formation dips to the east and rests unconformably on 
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Permian red beds which dip to the west and which must have been 
deformed prior to the period of erosion represented by the uncon- 
formity. 

The possibility of local deformation during the period extending 
from the close of El Rito deposition to the close of Santa Fe deposi- 
tion is suggested by variations in the thicknesses of the sedimentary 
formations, by the erosional unconformity at the base of the Abiquiu 
tuff, and by the presence in younger formations of material ap- 
parently re-worked from older formations. No detailed analysis, 
however, is at present possible. 

The last major period of deformation in the region came subse- 
quent to the deposition of the Santa Fe. During this period the 
Tertiary basin deposits were broken into many irregular tilted fault 
blocks and were downfaulted against older rocks bordering the Rio 
Grande Depression. The injection of at least some of the dikes prob- 
ably occurred at this time also. This deformation is certainly post 
Santa Fe, or post-Lower Pliocene in age, and antedates the erosion 
surface overlain by the gravel and basalt on Black Mesa and other 
mesas farther north. The latter, or lower, gravel is tentatively re- 
ferred by Atwood and Mather® to Los Pinos age (latest Pliocene or 
earliest Pleistocene), but may correspond rather to the Florida 
stage (Pleistocene) to which gravel directly overlying the basalt 
is assigned.*3 In any event, the truncation of the deformed beds by 
erosion must have required a long interval of time, and it seems 
probable that the deformation must have taken place well before the 
close of the Pliocene period. 

RESUME OF TERTIARY GEOLOGIC HISTORY 

Recorded Tertiary history in the Abiquiu area begins with the 
faulting and tilting of the Cretaceous and older formations. This 
was followed by a long interval of erosion, beveling the upturned 
beds. On the erosion surface thus formed, the Chicoma volcanic 
mass was built up at the site of the present Valles Mountains and, 
either before, during, or after, the breccia, conglomerate, and sand- 
stone of the El Rito formation were laid down by streams from the 
north. 


52 Op. cit., p. 99, Pl. 22-A. 53 [bid., Fig. 1a, pp. 118-19. 
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After the deposition of the El Rito, there was an interval of 
erosion during which the El Rito formation was channeled and in 
some places completely removed. Later, during some part of 
Miocene time, deposition was resumed under changed climatic con- 
ditions, first, apparently, by streams carrying in granitic detritus 
from the east and northeast and, then for a much longer time, by 
streams bringing down volcanic detritus from eruptive fields to the 
north. In this way the Abiquiu tuff was built up to a thickness of 
more than a thousand feet. 

In late Miocene or early Pliocene time, streams from the Sangre 
de Cristo Range on the east gained the ascendancy and built out 
over the tuff a great piedmont alluvial deposit more than a thousand 
feet in thickness. This now constitutes the Santa Fe formation. Fol- 
lowing the deposition of this formation was a period of extensive 
deformation by normal faulting, outlining the broader features of 
present-day topography. This was followed in Quaternary time by 
a long period of erosion through many cycles with repeated interrup- 
tions by volcanism. Successive pediments and broad valleys were 
carved out and in turn dissected, leading finally to the cutting of the 
modern flood plain. 
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THE SUBMERGED VALLEY THROUGH 
MACKINAC STRAITS 


GEORGE M. STANLEY 
University of Michigan 
ABSTRACT 

A river valley, now submerged from 150 to 300 feet, once drained Lake Michigan 
basin to Lake Huron when the water levels were lower than now. Originally cut during 
or before the Pleistocene, the valley was last used after drainage, following the ice 
recession, had finally lowered glacial Lake Algonquin. 

Though certain drowned river valleys in the Great Lakes have 
already been described, the remarkable submerged valley in the 
Straits of Mackinac apparently has not received geological atten- 
tion. Originally disclosed by soundings of the U. S. Lake Survey dur- 
ing the years 1918-24, the valley became known to the writer after 
abandoned-shoreline studies had prompted him to inquire whether 
such features might not be present in Lakes Huron and Michigan. 

The position and general nature of the valley are shown in Figure 
1, where it may be seen leading from northern Lake Michigan east- 
ward through Mackinac Straits into the Lake Huron basin. The 
present drainage is in this direction, and it is to be inferred that the 
river which formed the valley also flowed east. Comparative depths 
indicate this, as do the widening of the submerged valley east of 
Mackinac Island and the lack of any sufftciently low outlet else- 
where for a lowered Lake Michigan. 

The head portion of the valley is 5 miles south of Point Patterson, 
where it has depths of slightly over 150 feet (25 fathoms). To the 
west for 3 or 4 miles is an area of slightly less than 150 feet (25 
fathoms), connecting with the much deeper area of the northern 
Lake Michigan basin. To the east the valley is sharply defined with 
depths up to 188 feet and a width of less than one-fourth of a mile 
between 20-fathom (120 ft.) contours. With only slight deviations 
to north or south, it continues generally eastward through Mackinac 
Straits, then loops far northward about Mackinac Island. Up to 
this point it is 70 miles in length. In width between the 25-fathom 
966 
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(150 ft.) lines it is generally about one-fourth of a mile, in some 
places one-half mile. 

North of Garden Island the channel depths seem to be about 130 
or 140 feet. In the 25-fathom stretch north of Garden and Hog 
islands several soundings range between 175 and 200 feet, and one 
reaches 229 feet. East of this the channel has depths of only 120-150 
feet, except for two depressions south of Simmons Reef (SR)! 
sounded at 163 and 151 feet, the deeper being to the west. The 
principal interruption or shallowing in the valley occurs north of 
White Shoal (WS) with soundings of 114 and 109 feet. Whether 
this shallow portion represents a filling in recent time or under pres- 
ent conditions is a matter of considerable interest. It has been sug- 
gested that it may be a result of deposition by the strong currents 
which sweep northward past Gray’s Reef (GR) during south and 
southwest storms.’ 

From the shallow portion just mentioned the valley continues 
east-southeast in marked form for about 10 miles, with bottom 
depths of 200-210 feet, and a width of generally not more than 1,000 
feet between 25-fathom lines. For a mile south of St. Helena Island 
it is split into two channels by a ridge sounded at 106 feet; the 
northerly channel is 208 feet deep, the southerly about 150. Farther 
eastward, soundings of more than 200 feet are typical of the channel 
bottom which deepens still more in passing through the Straits. 
Off Mackinaw City is a sounding of 253 feet and south of Majors 
Shoal (MS) a 289-foot sounding, the deepest recorded throughout 
the valley. In the circuit about Mackinac Island the channel bot- 
tom gives soundings generally between 190 and 230 feet, and cor- 
responding depths are found in the broadening area north of Bois 
Blanc Island. 

One observes readily in Figure 1 that the 15-fathom (go ft.) con- 
tour reveals additional east-west channels which, though of lesser 
depth, shared the flow through the trunk valley when the water 
stood near this level. North of Waugoshance Peninsula and east 
of Mackinaw City the narrow loops of the 15-fathom line suggest 
tributary channels, which, however, have no positional relation with 

1 This abbreviation marks the reef on Fig. 1. 


2 The suggestion is made by Mr. Sherman Moore. 
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present streams. Though it might be suggested that these have been 
deepened by glacial scour, the various east-west troughs north of 
Garden and Hog islands do not trend with the known glacial move- 
ments. 

It must be remembered that the soundings on which the fore- 
going notes are based do not necessarily record the deepest spots 
or such critical points as would be secured in normal topographic 
work. They are all line soundings, however, and are considered 
much more accurate than those made by the echo method. In some 
places soundings were taken along courses normal to the valley 
trend giving good cross profiles. This was the case north of Squaw 
Island and in the section taken from Mackinaw City to Mackinac 
Island, shown in Figure 2. North of Garden Island and elsewhere 
the sections were run on more nearly east-west courses, which make 
small acute angles with the axis of the channel, and consequently 
the position of the contours and width of channel are not so pre- 
cisely ascertained. The contouring reproduced in Figure 1 and all 
bathymetric data were obtained from the United States Lake Sur- 
vey. For the courtesy of using these contours and examining the 
original field sheets the writer is grateful to Mr. Sherman Moore, 
senior engineer of the Lake Survey Office in the Detroit office. All 
depths are referred to standard low water of Lakes Michigan and 
Huron (578.5 A.T.). 

It is difficult to judge the nature of the filling in the shallower 
parts of the submerged Mackinac valley, concealed as they are by 
water. Yet the two records of borings as shown in Tables 1 and 2 

TABLE 1 


, 


BorING AT APPROXIMATE LAr. 45° 49’ 10”; LONG. 84° 42’ 25’ 
Feet 


0-108 Water 

108-15.. ..Plastic red clay 

T15—-23 Stiff red clay 
123-29 Sandy red clay with pebbles 
129-31 Fine white sand with some clay 
131-39 Boulders in clay 
139-49... ..Limestone 


are presented for what they indicate of the latest sedimentation in 
the area. The borings were made in 1935 by the Michigan Drilling 
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Company for the Mackinac Straits Bridge Authority, and the 
information was made available to the writer by Professor James H. 


TABLE 2 


BORING AT APPROXIMATE Lat. 45° 48’ 48”; Lone. 84° 42’ 18” 


Feet 
OSM... 5.4. ....Water 

144-48... LSS 

148-55 .Sandy red clay to medium sand 
155-65... .....Boulders and pebbles in clav 
165-75 . Limestone 

175 .Red sandstone* 


* A }-inch piece of red-and-white spotted sandstone was the last fragment retrieved 
from this boring before the drill was finally withdrawn. Although the operators be- 
lieved they had entered bedrock at the limestone, this probably was a mistake. Since 
the red standstone is unmistakably the Cambrian which would be expected here only 
at a depth of three or four thousand feet, it seems likely that both the sandstone and 
the limestone are erratic blocks, glacially transported from farther north 


Cissel of Ann Arbor. The borings are located about 2 miles north- 
east of Mackinaw City. 
INTERPRETATIONS 

It seems impossible that the Mackinac valley has been excavated 
wholly since the departure of the last ice sheet, inasmuch as the time 
interval allowing of its formation was not long enough. During 
most of Late Glacial time the area was deeply covered either by ice 
or by water. The writer considers the valley a product of stream 
erosion before or during the Pleistocene or both. Undoubtedly at 
some early time there was drainage of the Lake Michigan basin 
through the Straits lowland. Spencer assumed this as a course 
of preglacial drainage, but on grounds other than the distinct sub- 
merged valley, which was then unknown.’ Like other valleys, it was 
probably much littered with debris at times during the Pleistocene 
and subsequently cleaned out by Late Glacial drainage. What seems 
most important at present is the question of when the valley was 
last used. Two alternatives may be discussed. 

1. Some might consider that the submerged valley is purely a 
relic of stream erosion previous to the Wisconsin glacial stage. To 
this there is one potent objection: the improbability that the Wis- 
consin ice sheet could have advanced across this valley along a 
50-mile front, bringing its great load of debris to southern Michigan 


3 J. W. W. Spencer, “The Falls of Niagara,” Geol. Surv. Can. (1907), Pl. 40. 
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and environs without at least locally filling the trench with drift 
and quite interrupting its continuity. Glacial deposition blocked 
a number of drift-filled valleys described by Spencer‘ and others. 
Discarding the possibility that the Mackinac channel in its present 
form has survived a glaciation, we may turn to a more plausible 
hypothesis. 

2. According to Taylor’s “History of the Great Lakes,’’> there was 
no opportunity for a river to work on the bottom of Mackinac Straits 
in late Wisconsin or Recent time. But to that remarkable story of 
fluctuating lake levels the writer has discovered new chapters which 
intervened between the Algonquin and Nipissing stages. As shown 
by researches in Georgian Bay,° the lower Algonquin shorelines dis- 
play a parallelism with the marked Algonquin beach, which de- 
mands a different interpretation from that previously given by Gold- 
thwait? and Taylor.® It is clear in brief that there were very low 
lake stages in the Huron and Michigan basins between Algonquin 
and Nipissing times. The relationship of the lower Algonquin] water- 
planes (Penetang, Cedar Point, Payette, etc.) to the Algonquin 
plane and the plane of Lake Huron is shown in Figure 3. Eyidence 
has been given to show that the water level was 115 feet, below 
Lake Huron at the Payette stage and certainly very much lower 
than that thereafter.? The water must have escaped seaward by 
valleys through the highlands east of Georgian Bay, but just where 
the drainage took place is not yet certain. 

The Algonquin beach at Mackinac Island has an elevation of 
812 feet, and if we assume the adjacent lake level (580 ft.) was at 
least 200 feet lower than now during the last fluvial cutting in the 
submerged valley, then the lake had been lowered fully 430 feet 
below the Algonquin beach at Mackinac Island. Allowing 40 feet 
for the slight convergence of the Algonquin and Payette beaches, 

4 Ibid., chaps. x, xi, xiii, xxxv, and xxxvii. 

5 Frank Leverett and F. B. Taylor, “The Pleistocene of Michigan and Indiana and 
the History of the Great Lakes,”’ U.S. Geol. Surv. Mon. 53 (1915). 

6G. M. Stanley, “Lower Algonquin Beaches Penetanguishene Peninsula,” Bull. 
Geol. Soc. Amer., Vol. XLVII (1936), pp. 1933-60; also, “Lower Algonquin Beaches of 
Cape Rich, Georgian Bay,” Jbid., Vol. XLVIII (1937), pp. 1665-86. 

7 J. W. Goldthwait, “A Reconstruction of Water-Planes of the Extinct Glacial Lakes 
in the Michigan Basin,” Jour. Geol., Vol. XVI (1908), pp. 470-76. 


§ Leverett and Taylor, op. cit., pp. 435-36. 9 Stanley, op. cit., pp. 1957-58. 











*saul] pros Aq umoys 


‘qsvayjIOU JayzIV} SuOT}IsOd pamnsvau Ajjenzde ay} Woy soUR{d 19}eM UINbUOSTY JAMO] 9Y} JO SUOISUI}X9 PIBMYINOS palJojUl Yeu soul] poysep 
ay, “Avg UvIsI0IF 0} UOINF{ axe] UsayyNOs ut AjzITeJUOZIIOY Jo voIe 94} WOIJ ‘souLid 19}eM 19}e] puke UINbUOZTY pez] 24} Jo sYorg—'f ‘ory 


po149u p fo £194905 1p9130j0a4) Ksaanoy 








OO 

















ONISSIADIN 





nino 








yoo" 




















974 GEORGE M. STANLEY 


the water was about 390 feet below the Algonquin beach in southern 
Lake Huron or 365 feet below present lake level. It was not quite 
so low in the Lake Michigan basin because of gradient in the Macki- 
nac River. 

Other matters point to a low lake stage in the Michigan basin, 
of which some bridge borings at Saugutuck by the Michigan State 
Highway Commission may be mentioned. These borings were sunk 
in the bed of the Kalamazoo River near its mouth and they go 
down at least 85 feet below lake level through an apparently recent 
fill of fine sand and peaty materials. The inference is thereby made 
that the river excavated its bed to this depth after the glacier with- 
drew from the region and during a period when its base level (Lake 
Michigan) was at least 75 or 80 feet lower than now. 

The only objection to the idea of post-Wisconsin cutting of Macki- 
nac valley is the variation in depth throughout its course. Of the 
borings mentioned earlier, one reveals 15 feet of fine lake clay, the 
other 11 feet of clay, overlying deposits that are probably glacial. 
That several times this thickness of fine debris (enough to produce 
its present irregularity of gradient) was added during and since the 
channel was drowned by the rising lake may seem somewhat doubt- 
ful. On the other hand, some irregularity of stream-bed gradient 
may hold over from the period of fluvial activity. For instance the 
St. Clair River which drains Lake Huron today has several deep 
stretches, one reaching go feet near Algonac.’ It seems most logical 
at present to refer the last river occupation of the Mackinac valley 
to a Late Glacial period intervening between Algonquin and Nipis- 
sing times. 

The drowning process is to be attributed to that major portion 
of the postglacial uplift which deformed the Algonquin beach 
throughout the northern Great Lakes’ region. This rise of the land 
in the northeast, when outlet of the lakes was also in the northeast, 
raised the level of the lakes until they regained their southerly 
drainage through Port Huron. The writer sees as yet no sure reason 
from the Great Lakes region to consider it other than a single, grad- 
ual, protracted deformation. Surely it was thus in its final phase. 

0 The appropriateness of this particular example is disputable, inasmuch as the 
deep parts of St. Clair River may date from a reversed flow into Lake Huron at a 
much lower level. 




















UTILITARIAN CLASSIFICATION FOR 
FRAGMENTARY FOSSILS 
CAREY CRONEIS 
University of Chicago 
ABSTRACT 


Paleontologists have long used the Linnaean binominal system of classification in 
a dual fashion. They have employed it in the classical sense in the nomenclature of 
fossils of readily recognizable biological groups; but it has been used with mere utili- 
tarian significance in classifying fossils which are fragments of an undiscovered, and 
possibly undiscoverable, whole. This latter type of usage is increasing because micro- 
paleontologic investigations are bringing into prominence more and more fragmentary 
fossils whose exact zodlogical relationships may never be determined. Obviously, if such 
fossils are to receive real scientific study, some strictly nonbiological classification must 
be employed. Since the Linnaean system cannot be used without ambiguity both for 
this and for its original purpose, there is here proposed an artificial scheme of classifi- 
cation for fragmentary fossils. This new, or ‘‘military system,”’ which is based on the 
divisions of the Roman army, is binominal; but, since it does not imply zoélogical rela- 
tionships, it is utilitarian rather than biological. 


INTRODUCTION 

Paleontological nomenclature is not alone a source of constant 
trouble for paleontologists themselves, but it also serves as a peren- 
nial subject for humorous comment by the uninitiated, including 
many a geologist. Some serious critics believe that the paleontolo- 
gists’ preoccupation with nomenclatorial minutiae is a sheer waste 
of time; but merely in the interest of scientific precision, the expendi- 
ture of much time and effort is unavoidable today since many workers 
failed to ‘‘waste time’’ in following even the simplest rules of nomen- 
clature yesterday. Therefore, it follows that the present students of 
paleontology should be particularly insistent on conformity to the 
rules of nomenclature in order that they may prevent “waste of 
time”’ by future workers. Naturally, such problems are not unique 
to paleontology. All branches of science have their individual classi- 
fication difficulties, but most of the physical sciences have just be- 
gun to be articulate about them. 

The editor of Chemical Abstracts, E. J. Crane, has recently stated: 
“With its quarter of a million known compounds and potentially 
many more, chemistry has one of the biggest nomenclature problems 
in science.” The same writer has quoted Edgar T. Wherry as say- 


t “Words and Sentences in Science and Industry,” Science, Vol. LXXXVI, No. 2242 
(1937), P- 551- 
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ing: ‘In mineralogy it would take a book to discuss the problems of 
nomenclature.” It is gratifying to find that some of the physical 
sciences are awakening to their problems; but unfortunately, geology 
until recently has been somewhat of a laggard in this matter. We do, 
indeed, have classifications for ore bodies, rocks, faults, folds, and 
stratigraphic sequences; but they are multiple classifications rather 
than single ones, each of which may be either incomplete or incon- 
sistent; and in some instances, at least, each is followed chiefly by 
its protagonists, or even by its author alone, who himself may not 
show consistency in its use. Paleontology is not the only subdivision 
of geology which has its nomenclatorial problems and dual classi- 
fications. 

Since in the biological fields it was early recognized that scientific 
progress was largely dependent upon the development of adequate 
methods and rules of classification, at least some order has been 
brought out of their original nomenclatorial chaos. Yet, classificatory 
troubles aplenty remain in those divisions of biology which deal with 
living animals and plants, and all these difficulties are multiplied 
many fold in paleontology, owing to the very nature of fossil speci- 
mens. For instance, paleontologists have been forced to use the 
binominal system in a dual fashion in classifying fossils which are 
merely parts of an undiscovered, and possibly undiscoverable, organic 
whole. With increased activity in micropaleontology there come into 
prominence more and more groups in which zodlogical relationships 
may never be determined, so that, if the groups are to be studied at 
all, strictly artificial classifications must be employed. 


PROBLEMS IN MICROPALEONTOLOGICAL NOMENCLATURE 


How important this situation has become may be illustrated by 
the echinoderms alone, whose fragments in the form of both holo- 
thurian and echinoid spicules, echinoid spines, stelleroid ossicles, 
pedicellariae, fragments of Aristotle’s lantern, and other isolated 
plates are being more extensively studied every year. Without ex- 
hausting the list of similar paleontological fragments (rather than 
entities), there may be mentioned in addition conodonts, fish scales, 
scolecodonts, sponge spicules, pollen, and otoliths; and Professor 
A. F. Rogers, of Stanford University, has even prepared a paper on 
fossil termite pellets. 
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Most of these groups we now classify as if they were biological 
units, giving them “generic” and “specific”? names in rank viola- 
tion of any definition of genus or species to be found in standard 
reference works. For instance, we speak of Prioniodus alatus Hinde 
1879 as a member of the “family” Prioniodidae Ulrich & Bassler, 
which is one of the families of “typical conodonts,” or “teeth of 
primitive fish,” under the class Pisces. But we also talk of Poly- 
gnathus perlobotus U. & B. of the “family” Polygnathidae U. & B. 
comprising conodonts which presumably are “‘atypical,’’ since most 
writers label them as dermal plates, not teeth. Therefore, whatever 
conodonts may turn out to be, it is obvious that our classification 
of them at present is based almost entirely on form rather than on 
biological relationships. Furthermore, despite some arguments to 
the contrary, it seems certain that by no means all so-called ‘“‘cono- 
dont assemblages” are of coprolitic origin. The discovery of more 
and more of the nonfecal ‘‘conodont assemblages’”’ thus makes it 
increasingly apparent that, just as some Paleozoic sharks had dental 
equipment which we now describe as being made up of a number of 
“genera” and “species” of shark teeth, so did some other, as yet 
uncertainly known, Paleozoic animal possess hard parts in the form 
of conodonts, which we classify as belonging to several “genera”’ 
and ‘‘species.”” Much the same statement could be made regarding 
scolecodonts and sponge spicules. 

Study of some micropaleontological groups has actually been de- 
layed, or prepared papers withheld from publication, solely because 
of such nomenclatorial difficulties. Recognizing this problem, 
Harold Scott? in 1936 proposed an artificial classification for fossil 
sponge spicules in which “form” or “artificial’’ genera such as 
Orthotriaenites and Anatetraenites were to be employed for spicules 
of orthotriaens and anatetraens types, respectively. This is at least 
a step, even if an oblique one, in the right general direction. In 
fact, as was pointed out several years ago,’ if any of these orphaned 
micropaleontologic objects—or macrofossils, too, for that matter— 
are to have correlative value (and if, paradoxically enough, they are 
ultimately to find parents), they must first be classed as so many 

2 “Classification of Sponge Spicules,”’ Proc. Geol. Soc. Amer. 1936 (1937), P- 359- 

3 Carey Croneis and J. McCormack, ‘‘Fossil Holothuroidea,” Jour. Paleon., Vol. VI 
(1932), p. 136. 
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different bolts, screws, and nails regardless of whether they were 
made in the same factory or out of the same metal. 


PROBLEMS OF CLASSIFICATION IN VERTEBRATE PALEONTOLOGY 

The infelicities due to the use of nonbiological ‘‘genera’”’ are also 
serious in other fields of paleontology. Therefore a brief summary of 
some of their outstanding problems of classification is here appended. 
Although some of these difficulties apparently are familiar to all, 
few seem either to have understood the complete ramifications of the 
problem or to have viewed it with any real concern. 

Vertebrate paleontologists have employed dual classifications so 
long and so commonly that one tends to forget the extent of their 
use. There are altogether literally hundreds of described “‘species’’ 
of presumed vertebrate tracks and trails. Nine ‘families’ and a 
host of “‘genera’”’ have been established for fossils of this type from 
the Triassic of the Connecticut River valley alone. Yet none of these 
represents a family or a genus in the accepted biological sense. And 
at best we can never expect to find more than a few actual remains 
of the animals which made the tracks. Furthermore, in those rare 
instances in which osteological specimens are known, it is difficult 
or impossible to associate them definitely with any one set of the 
impressions. 

O. P. Hay gives tacit acknowledgment of the nomenclatorial 
difficulties engendered by fossil footprints by placing them in his 
catalogue‘ under the heading “‘Ichnites.”” This term apparently is 
given the rank of a class, since it is inserted between the Amphibia 
and Reptilia and is printed in the same type. But, although Lull’s 
nine ‘‘families”’ are listed, all the “‘genera’’ are given alphabetically 
without reference to larger divisions. To make the situation even 
more anomalous, although there are twenty-four pages of Ichnites 
“genera,’’ Hay could, of course, find no place for them in his tabular 
key. Similarly, twelve pages of Ichthyodorulites “genera” are listed 
alphabetically; yet only the term itself appears in the table. 

Shark remains have also presented a familiar classification prob- 
lem which may be typified by the example afforded by Ctenacanthus 


4*Second Bibliography and Catalogue of the Fossil Vertebrata of North America,” 
Carnegie Inst. Washington Pub. 390, Vol. II (1930), pp. 1-23. 
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clarki Dean’ from the Cleveland shale at Lindale, Ohio. This species 
shows that the ‘“‘cladodont” dentition may be associated with the 
ctenacanth spine, and “yields another instance of the fallacy of com- 
paring entire animals on the basis of a single character, e.g., denti- 
tion.”’ For, although Traquair, as early as 1884, had shown that the 
dentition of Ctenacanthus costellatus was “‘cladodont,’”’ Agassiz had 
thought that Ctenacanthus was the spine of Psammodus, Newberry 
contended that it was the spine of Orodus, and J. W. Barkas 
had suggested merging Clenacanthus and Cladodus with Hybodus. 
Ctenacanthus clarki possessed richly sculptured dermal denticles 
which, if found isolated, would have been classed under the “‘genus”’ 
Stemmatodus; and it was armed with teeth of the type described as 
Cladodus mirabilis. But the latter is a point of no real classificatory 
importance, since the cladodont type of tooth appears “‘with little 
variation in as many as seven families of sharks and in three dis- 
tinct orders!” 

Although problems in classification in vertebrate paleontology are 
most numerous in connection with shark fragments and with foot- 
prints, they are by no means confined to these groups. There are, 
for instance, several Linton, Ohio, genera originally described as 
amphibia which probably are fish.° As an example, Eurythorax sub- 
laevis Cope was described from a single plate which Cope regarded 
as an interclavicle of an amphibian but which Hussakof? considered 
a lungfish operculum. Such remains should never have been given 
a biological designation. They would have been just as useful and 
far less confusing had they been described under some provisional 
and artificial category. 

PROBLEMS IN PALEOBOTANICAL CLASSIFICATION 

The study of fossil plants is especially burdened with nomen- 
clatorial difficulties. For instance, the Pennsylvanian genus Calami- 
tes, whose living representatives obviously grew as botanical en- 
tities, are, as fragmentary fossils, catalogued under no less than a 

5’ Bashford Dean, ‘Studies on Fossil Fishes,’”’” Mem. Amer. Mus. Nat. Hist., Vol. 
IX, Part V (1909), pp. 249-53. 

6 A. S. Romer, ‘“‘The Pennsylvanian Tetrapods of Linton, Ohio,” Bull. Amer. Mus. 
Nat. Hist., Vol. LIX, Art. II (1930), pp. 137-309. 


7 L. Hussakof, ‘““The Lungfish Remains of the Coal Measures of Ohio,” Bull. Amer. 
Mus. Nat. Hist., Vol. XXXV (1916), pp. 127-33. 
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dozen “generic”? names! The root “genera” are Astromyelon and 
Pinnularia; the stem impressions are called Calamitina, Eucalamites, 
or Stylocalamites; and the stem anatomy has been dignified by such 
names as Arthropitys and Calamodendron. Common leaf “genera” 
are Calamocladus and Annularia; and strobilus names usually em- 
ployed are Calamostachys, Paleostachys, and Cingularia. Sucha situa- 
tion, annoying enough to the paleobotanist, is confusion confounded 
to the geologist, or, for that matter, to the average paleontologist. 

The botanists have taken care of many of their difficulties by 
framing and continually revising the International Rules of Botani- 
cal Nomenclature. These were most recently revised by the Inter- 
national Botanical Congress of Cambridge, England, 1930, and were 
published by Gustav Fischer in Jena in 1935. But, so little do these 
rules help the paleobotanist that (as was discovered after this paper 
was essentially completed) W. Jongmans, T. G. Halle, and W. 
Gothan in 1935 privately printed a fifteen-page brochure on Pro- 
posed Additions to the International Rules of Botanical Nomenclature.® 
Since this paper is the first which clearly states some of the problems 
of artificial paleobotanical nomenclature, and because it has had a 
very limited circulation, a few of its pertinent points will be here dis- 
cussed. 

Jongmans and collaborators state that it is inevitable that de- 
tached organs of fossil plants should receive “‘specific’”’ and “generic” 
names. In fact, since complete fossil plants are rare, most genera 
actually have been founded on separate organs or fragments. Thus, 
an organ genus is established for detached parts belonging to the 
same morphological category, but an artificial genus (‘form genus’’) 
is one which contains generically unrelated species. This type of 
“genus” is convenient, since it makes possible binominal names for 
specimens of uncertain taxonomical relationship. 

An organ genus becomes an artificial genus upon proof that the 
“genus” contains “species” not generically related in the ordinary 
taxonomic sense. If subsequent researches demonstrate that two 
organ genera or artificial genera actually include parts of the same 
plant, the names, nevertheless, are retained in their original sense. 
For the reconstructed plant a combination genus, ‘more closely com- 


8 Heerlen, 1935. 
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parable to a natural taxonomic group should, as a rule, be estab- 
lished under a new name.” 

“A generic name permanently associated with an organ genus 
should not be used for this purpose’; but, according to Jongmans 
and associates, there are several exceptions to this rule. For in- 
stance, Lepidodendron and Sigillaria originally were organ genera 
for stems; yet for practical reasons they cannot now be rejected as 
combination genera. 

It naturally follows that, if there are organ and combination 
genera, there might well be organ and combination families. The 
organ genera for the stems of Lycopodiales may be grouped under the 
organ family Lepidodendraceae; those for the strobili, under the organ 
family Lepidostrobacea. But again, ‘‘for practical reasons,” the com- 
bination family term is the same as the organ family, i.e., Lepi- 
dodendraceae. 

GENERAL NEED FOR AN ARTIFICIAL CLASSIFICATION 

It thus is apparent that, although all divisions of paleontology 
have their own specific problems of dual classification, the difficulty 
is, nonetheless, a general one. Furthermore, the very character of 
the fossil material makes standard nomenclatorial procedures diffi- 
cult or impossible. The International Rules of Zoélogical and Bio- 
logical Nomenclature may or may not apply. They seem to have 
been abandoned or violated at will, in some cases with reason, but 
in many instances with none. It does seem possible, however, that 
at least some of their problems might be lessened if merely the in- 
cubus of the terms “genus” and “species” could be removed from 
artificial classifications. 

In attempting to find a satisfactory basis for a utilitarian classi- 
fication, divorced from these terms, the decision was finally reached 
that the divisions of the Roman army would appropriately serve the 
purpose. Such an arrangement is all the more suitable since the 
army divisions were artificial and arbitrary; and, of course, being 
based on function or numbers, they had no real biological signifi- 
cance. 

THE MILITARY CLASSIFICATION 

The Ordo militaris, or “military classification,’ here proposed is 

based on the classical divisions of the Roman army. The individual 
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basis of that organization was the soldier, or miles. A number of 
milites (usually one hundred) made up a centuria; several centuriae 
(commonly two) comprised a manipulus; and a number of manipuli 
were united in a cohors. In the later plan of the Roman army, ten 
cohortes made up the legio; and a varying number of legiones were 
united in the exercitus, or army proper. Thus the approximate classi- 
ficatory equivalents of the Ordo militaris and the Linnaean, or typi- 
cal binominal system, may be given as follows: 


Linnaean Ordo militaris 

Class... Exercitus —plural Exercitus 
Order Legio plural Legiones 

Family Cohors -plural Cohortes 

Genus. . Manipulus—plural Manipuli 
Species. ... Centuria plural Centuriae 
Individual. Miles plural Milites 


These terms have not been anglicized, since by retaining their 
Latin terminations less similarity remains between this list of words 
and those employed in the Linnaean system. Two of the sixteen 
taxonomic categories recognized by the zodlogical systematists are, 
however, /egion and cohors. The first of these has been anglicized, 
but the second is identical in spelling with the equivalent of the order 
in the proposed military system. This duplication is unfortunate, 
but unavoidable, since a careful examination of the situation re- 
vealed that almost any of the well-known classical categories of 
rank has already had some of its terminology borrowed and em- 
ployed, none too consistently, by the taxonomists. For instance, a 
“legion” in its relatively rare biological usage is ‘‘a category of vary- 
ing rank sometimes corresponding to a superfamily, and sometimes 
to a class’’; and a “cohort” has been defined as “‘in earlier classifica- 
tions, a group of somewhat indefinite limitations; in botany nearly 
equivalent to the modern order; in zodlogy usually equivalent to the 
suborder.” In an artificial, nonbiological classification the terms 
legio and cohors have all of the appropriateness which they lack in 
the Linnaean system. In the Ordo militaris, moreover, the defini- 
tions of these words will permit of none of their Linnaean ambiguity. 

In paleontology the validity of the variety is still open to some 
question. Especially is this true in the classification of those pale- 
ontological objects which represent less than biological entities. 
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Therefore, no varietal term appears in the table. Should a real need 
arise for a subspecies equivalent, grex (plural greges), meaning any 
small band of animals or human beings, may be suggested. Manipuli 
and centuriae were the smallest tactical units in the Roman army, 
however, and thus grex would not be so appropriate as the other 
terms in this classification. Therefore, swbcenturia, although some- 
what cumbersome, may be considered more consistent—hence more 
desirable. 

After considerable thought, it has been decided to retain for the 
military classification a binominal scheme of nomenclature with 
simple Latin and Greek descriptive terms. This is a concession to 
conservatism which may not be very highly regarded in some circles. 
But most attempts to devise, for fossils, names which are assembled 
as numbers or as formulas have met with little success. Difficult as 
it is to work with and remember Latin and Greek designations, they 
have seemed to most workers less capable of misusage and more 
serviceable for true descriptive designation than cold figures. It 
may be argued that, since formulas are outlawed from true zodlogical 
nomenclature, their use would be particularly appropriate for a clas- 
sification of fragments in which zodélogical relationships were not 
necessarily implied. Especially might it be contended that, in a mili- 
tary classification, numbers, not Latin names, should be employed 
for manipuli and centurial designations. This point is granted, and 
the Ordo militaris is suitably framed for future development with 
numbers or formulas should workers ultimately decide that such a 
use was advantageous. But, as a simple case in favor of words 
rather than numbers, it may well be noted that most Americans re- 
member the “Rainbow Division”’ but few can recall that its numeri- 
cal designation was “the Forty-second.” Finally, although admit- 
ting the possibility of a few conflicts if a simple binominal termi- 
nology is retained for the Ordo militaris, the chances for the success 
of the new system seem greatly enhanced if workers, in employing 
it, do not have to depart too radically from customary procedure. 

Regardless of whether or not formulas are ever used with the 
Ordo militaris, for the present it remains binominal in type. Hence, 
its most important terms are the equivalents of the genus and species 
of the biological classification, i.e., manipulus and centuria. Their 
substitution for the old terms may seem a little strange at first; 
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but certainly manipulus is easier to use than “artificial” or “form”’ 
genus (which workers will not consistently use in any case), and it 
involves no contradiction or misuse of words. The military system 
is by no means a panacea for all nomenclatorial ills; but the use, 
for instance, of cohors Prioniodidae, manipulus Prioniodus, and 
centuria Prioniodus alatus will at least be unambiguous to the extent 
that the terms themselves reveal that we are dealing with fossils 
which can be grouped under the same name because of their archi- 
tectural similarities, and not necessarily because of any real or im- 
plied ‘“‘blood relationships.” 

Moreover, under the ‘“‘military system”’ all sorts of fossil frag- 
ments, which are now neglected, could and would be studied and 
classified. They would then become useful stratigraphically; and, 
because further studied, the entities, of which the fragments are 
only a part, would also have a better chance of becoming completely 
understood. The fact, however, that an entire animal or plant has 
become known and has been given an entirely new name (or has 
been recognized as referable to an established species), according to 
Linnaean practice, in nowise would cancel or thrown into synonymy 
the Ordo militaris designations for the possibly many different 
manipuli and centuriae fragments which made up the whole. The 
general rules elucidated by Jongmans and associates would apply, 
although they should be interpreted much more strictly and should 
involve far fewer “‘exceptions.”’ Thus, the “military system”’ terms, 
if applied in conformity to the ordinary rules of nomenclatorial pro- 
cedure, would continue to have taxonomic standing and to be stra- 
tigraphically significant. Furthermore, the fossil fragments them- 
selves, in all cases so much more numerous than complete organic 
remains, having been christened, would have a far better chance of 
achieving the paleontological importance which they richly deserve. 
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MARINE SHORELINES REVIEWED 


JOHN B. LUCKE 
West Virginia University 
ABSTRACT 

A revised classification of marine shorelines has been proposed by Shepard! to sup- 
plant the present widely accepted genetic system. Analysis of the proposed new classi- 
fication indicates that (1) it takes account chiefly of the genesis of the coast back of the 
shoreline instead of the shoreline itself; (2) its mainstay, the coast chart, is inadequate 
for classification under the system proposed; (3) it does not sufficiently recognize the 
sequential stages of shoreline development, and (4) it is so incomplete as to provide 
no place for certain major types of shorelines. 

INTRODUCTION 

Marine shorelines have recently been regrouped by Shepard? in a 
revised classification which, “while entirely genetic, may be applied 
to many coasts merely from the information which is contained in 
maps and charts.’ The new classification was conceived as a re- 
sult of Shepard’s dissatisfaction with the accepted genetic system, 
largely the work of Johnson.‘ The present paper criticizes the pro- 
posed new classification on the grounds that (1) the supposed need 
for revision is based upon Shepard’s fundamental misunderstand- 
ing of earlier work; and (2) the revised classification offered by 
Shepard is open to objections far more numerous and more serious 
than those urged against the existing classification. 


JOHNSON’S CLASSIFICATION 

Johnson divides all shorelines into four major groups: 

I, Shorelines of submergence, or those shorelines produced when the water 
surface comes to rest against a partially submerged land area; II, Shorelines of 
emergence, or those resulting when the water surface comes to rest against a 
partially emerged sea floor or lake floor; III, Neutral Shorelines, or those whose 
essential features do not depend on either the submergence of a former land 

t Francis P. Shepard, “Revised Classification of Marine Shorelines,” Jour. Geol., 
Vol. XLV (1937), pp. 602-24. 

2 Ibid. 


3 Ibid., p. 602. 


4 Douglas Johnson, Shore Processes and Shoreline Development (New York: John 
Wiley & Sons, 1919). Pp. 584. 
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mass, or the emergence of a former subaqueous surface; IV, Compound Shore- 
lines, or those whose essential features combine elements of at least two of the 
preceding classes.5 

Although this delineation is very brief, subsequent pages in Shore 
Processes and Shoreline Development contain abundant reasons for 
avoiding terms like “‘sinking,” “rising,” “elevation,” “depression,”’ 
and others which, owing to their confusing connotations, were dis- 
carded as unfit for a scientific terminology of shorelines. Because of 
the brevity of Johnson’s definitions, it may be desirable to redefine 
the first two shoreline groups to include concepts fully set forth 
by that author in the work cited.° 

I. Shorelines of submergence, or those whose major (or essential) 
features are produced by partial submergence of a former land area; 
II. Shorelines of emergence, or those whose major (or essential) fea- 
tures are produced by partial emergence of a former sea floor or lake 
floor. Classes III and IV are not believed subject to confusion if 
these two principal classes are clearly understood. The suggested 
new wording embraces the principles set forth in much of Johnson’s 
shoreline work’ and is not quite so readily subject to confusion by 
students who have not fully analyzed shore problems as are his 
original definitions. 

OBJECTIONS TO JOHNSON’S CLASSIFICATION 

Shepard’s proposed classification is presented to overcome diffi- 
culties supposedly found in the application of Johnson’s widely ac- 
cepted system. The writer will attempt to indicate the degree of 
validity in Shepard’s major objections under the following topics: 
(1) glacial control of sea-level; (2) straightness a criterion of emer- 
gence, and (3) the offshore bar a criterion of emergence. 

GLACIAL CONTROL OF SEA-LEVEL 

Shepard’s main objection® to the present accepted classification of 
shorelines is that it takes no account of glacial control of sea-level. 
He fails to point out that Johnson explains fully why repeated past 

5 Ibid., p. 172. 

6 Tbid., pp. 173-87 and 349. 

7 Ibid., and New England Acadian Shoreline (New York: John Wiley & Sons, 
1925). 
8 Op. cit., pp. 602-3. 
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oscillations of sea-level do not affect classification of the present 
shoreline. Most students, including Johnson, accept the theory that 
Pleistocene ice sheets caused a lowering of mean sea-level, and con- 
versely, that present sea-level would rise, relative to the continents, 
if all the known glaciers should melt. Shepard concludes: ““There- 
fore, all coasts are potentially shorelines of submergence and... . 
all shorelines are potentially shorelines of emergence.’’? Without 
dwelling on the fact that in scientific usage “coast” is not synony- 
mous with “‘shoreline,” it should be pointed out that in the existing 
system shorelines are never classified on the basis of what they poten- 
tially may be if looked at from the point of view of past or future 
minor oscillations of sea-level. They are classified according to the 
relative movement, or lack of movement of sea-level, responsible for 
the major features of the shoreline actually observed. 

If a coastal plain bordered by a shoreline of emergence were 
lowered relative to sea-level, the new shoreline would, of course, ex- 
hibit evidence of sinking, such as drowned valleys. If the plain had 
been so thoroughly dissected that the resulting major features of the 
new shoreline were due to submergence of the dissected land mass, 
it would be classed as a shoreline of submergence. But if dissection 
were slight and the major or essential features of the new shore- 
line were due to the fact that the sea had come to rest against a 
partially emerged and little-altered sea floor, the shoreline would be 
classed as a shoreline of emergence. An observer of this or of any 
other shoreline who based his classification upon the existence of 
elevated marine terraces, or who paid the slightest attention to such 
evidence of former shorelines when classifying the present shoreline, 
would betray complete misunderstanding of the principles of shore- 
line classification. 

The presence of shorelines exhibiting features both of submergence 
and of emergence, both with and without the intervention of dias- 
trophic movements, is fully recognized in the existing classification. 
Johnson makes no attempt to correlate shoreline types directly with 
diastrophism. The principles of submergence and emergence were 
founded not upon positive or negative diastrophism but upon the 


9 Tbid., p. 603. 
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movements of either land or water surface with respect to the other, 
including the rise and fall of lake levels. 

If the objection to the Johnson classification on the basis of lack 
of consideration for glacial control is serious, one should expect a 
new system designed to overcome such an objection to demonstrate 
clearly that many shoreline types are directly attributable to 
Pleistocene ice changes and their resulting sea-level fluctuations. 
Shepard himself insists that in making any new proposals ‘‘we should 
set up a system which would take into account the world-wide sea- 
level changes during the glacial period.’’*® In the proposed system, 
however, Shepard calls upon glaciation in only one subclass and 
even then he was forced to be indecisive." His subclass IA in- 
cludes ‘Primary coasts—shaped by terrestrial erosion agencies and 
drowned by deglaciation or downwarping”’ (italics by the writer). 

STRAIGHTNESS A CRITERION OF EMERGENCE 

“A criterion of emergence which one may find in most textbooks 
is straightness of coastline.’ The fundamental error here is that 
Shepard has failed to distinguish between a characteristic of a shore- 
line and a criterion by which that shoreline can be recognized. In 
Shore Processes Johnson traces the evolution of different types of 
shorelines, illustrating each with photographs and diagrams. After 
demonstrating how irregular shorelines eventually become straight, 
he shows quite clearly that straightness is a characteristic of certain 
stages of all the shoreline classes (submergence,’’ emergence," 
neutral,’* and compound"). In discussing neutral shorelines John- 
son’ indicates that straightness may even be characteristic of the 
initial stage of shorelines other than those of emergence, for ex- 
ample, fault shorelines. The writer has nowhere found a statement 
by Johnson suggesting that straightness is a criterion of emergence. 

In an effort to check the validity of the preceding quotation from 
Shepard, search of the standard texts failed to reveal one which cites 
straightness as a criterion of emergence. Many mention it as a char- 


10 Tbid., p. 605. 14 Pp. 349-50, 389-91, and Fig. 115. 
" Tbid., p. 607. 1S Pp. 397-08 and Fig. 123. 
2 Thid., p. 603. % P. gor and Fig. 124. 


13 P. 341 and Fig. 88. 17 P, 341 and Fig. 88. 
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acteristic of emergence and also explain that it may be found in 
certain stages of other types of shorelines. 
THE OFFSHORE BAR A CRITERION OF EMERGENCE 

“On the plea that continental shelves are relatively flat and that 
offshore bars form where there is a very gentle seaward slope, John- 
son has claimed that these bars are indicative of a coast line of 
emergence."® This criterion also needs careful scrutiny before it 
should be used.’ 

Again “‘criterion” is misused, this time as synonymous with “in- 
dication.”’ Aside from this confusion, the writer has not yet seen 
Johnson on record as making the claim indicated, nor as citing the 
offshore bar as a criterion of emergence. On the contrary, he shows 
that offshore bars are characteristic of compound shorelines,”® as 
well as of shorelines of emergence.”' 

Shepard then asks: “Assuming that offshore bars develop where 
there is a gentle seaward slope, would not such a bar be produced by 
the submergence either of a coastal plain, or of a delta?’’**—clearly 
implying that Johnson had missed important possibilities in his dis- 
cussion of the offshore bar. The implication is seriously in error, 
for Johnson specifically states: ‘‘Marine erosion of delta shorelines, 
alluvial fan shorelines and outwash plain shorelines would give 
stages resembling those in the profile of shorelines of emergence, 
except that the offshore bar need not necessarily be represented in 
case the seaward portion of the profile descends into deep water.” 
Similar references to the possibility of an offshore bar on neutral 
shorelines are made in a later chapter.*4 

Shepard asks: ‘‘Are there not many examples of barrier beaches 
found off coasts which are deeply indented by estuaries?"”**—again 
clearly implying that this was something Johnson failed to point 
out. The writer agrees with Shepard that North Carolina is a good 

8 Pp. 348-92. 

19 Shepard, op. cit., pp. 604-5. 

20 Shore Processes ...., p. 190 and Fig. 30. 

1 Tbid., pp. 350-82. 

2 Op. cit., p. 605. 

23 Shore Processes ...., pp. 262-63 (italics by the writer). 


24 Tbid., p. 395. 25 Op. cit., p. 605. 
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example of such a combination. But, far from omitting mention 
of the North Carolina shoreline, Johnson” cites it as a type example 
of a compound shoreline and later?’ develops the sequential stages 
in the cycle of erosion on such a shoreline. So common is this occur- 
rence of the essential features of two or more shoreline types with 
approximately equal intensity that Johnson made specific provision 
for such shorelines in his fourth major class. 
THE PROPOSED CLASSIFICATION 

The new classification divides all shorelines into ‘(1) primary 
coasts, those where the waves have not had time to produce notable 
effects; and (2) secondary coasts, those where marine processes have 
been able to shape the coasts.”** These two great groups are sub- 
divided into six classes, sixteen subclasses, and fourteen lesser cate- 
gories. Space will not permit an analysis of each new type, but a few 
of the proposed groups will be reviewed briefly in order to demon- 
strate (1) that the coast chart as a basis for shoreline classification 
is insufficient; (2) that the new classification is not evolutionary, 
and (3) that it is seriously incomplete. 

INSUFFICIENCY OF COAST CHARTS 

The new classification was “devised so as to permit its ready ap- 
plication to many coasts merely from the information which is con- 
tained in maps and charts.’ Shepard’s proposed shoreline types 
are illustrated by portions of twenty-four coast charts, many of 
which show no indication of subaerial topography landward from 
the shore, and some of which furnish very scanty data on submarine 
topography. Since the examples chosen are reasonably typical of 
coast charts in general, it seems fair to ask how far they show evi- 
dence justifying the classification adopted. 

Referring to Shepard’s illustrations, Figure 5 could be a ria coast 
just as well as a fiord coast for anything shown on the chart. The 
only way in which one could be sure that Figure 5 represented a 
fiord coast would be to accept Shepard’s thesis that there are no 
deep rias, and hence that great depth alone is proof of extensive 
glacial excavation. One must hesitate to accept this thesis, the more 

© Shore Processes ...., pp. 190-91 and Fig. 30. 28 Shepard, op. cit., p. 605. 


27 Ibid., pp. 400-401. 29 Thid., p. 602. 
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so if one credits Shepard’s other thesis*® that recent world-wide 
oscillations of sea-level due to glaciation and deglacitaion may have 
amounted to “several thousand feet” and that such oscillations of 
level help to explain deeply submerged unglaciated submarine can- 
yons. Figure 6 (the Gulf of St. Lawrence) is unrecognizable as a 
glacial-trough coast, and, in fact, probably few geomorphologists 
would be willing to follow Shepard in classifying this area as a 
trough. So far as chart evidence goes, it appears to be a normal sub- 
aerial topography partially drowned by the sea. While the region 
has been glaciated, this is not evident from the chart, and the 
soundings do not reveal what geomorphologists consider to be 
glacial-trough topography. 

Figure 8 (eastern Long Island) is called a partially submerged 
moraine. Nothing on the chart is indicative of this origin. As far 
as the scanty representation of topography shows, it could as well 
be a region of volcanoes and related lava flows. 

Figure 10 (the Castle Neck area of northern Massachusetts) is 
cited as a coast built out by wind deposition. The chart in no way 
suggests wind deposition, and theoretical considerations are directly 
against such an interpretation. 

Figure 11 (southwest Florida, classed as a mangrove coast) shows 
nothing to suggest a mangrove origin for the coast. The form of 
coast is not peculiar to mangrove coasts and other mangrove coasts 
have very different forms. 

Figure 13 (Aleutian Islands) is hardly intelligible as an illustra- 
tion of a volcano-explosion coast because it seems to show many 
small cones, none of which clearly reveals features due to the ex- 
plosion of which Shepard speaks. The information to the effect that 
the chart shows “‘the concavity of the inside of a partially exploded 
island’’*' must come from sources other than the chart. One cannot 
be quite sure to what part of the figure Shepard is referring. Figure 
15 (Gulf of California) affords no proof of faulting. 

In his discussion of fault coasts, Shepard says: “In many cases 
where recent faulting has left fault scarps along the coast the con- 

3° “Submerged Valleys on Continental Slopes and Changes of Sea Level,” Science, 
N.S., Vol. LXX XIII (1936), pp. 620-21. 


3t “Revised Classification .... ,” p. 617. 
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tinental shelves have been greatly deepened or eliminated. There- 
fore, a good criterion for the recognition of a fault scarp coast would 
be absence of a shelf.’’s*? Few geologists will accept such a criterion. 
It would be far less illogical to accept the converse, viz., that the 
presence of a continental shelf is a good criterion for the absence of 
faulting; yet few if any will even go that far. 

Figure 17 presents no evidence that the Rock of Gibraltar is a 
hogback. Figure 18 (a fault-line coast following the San Andreas 
fault north of San Francisco) shows no proof of faulting. Figure 19 
(northern California) shows no indication that the irregularity of 
the coast is due to wave erosion. Precisely similar features might 
result from partial submergence of a much dissected land mass. 
Figure 21 (coast prograded by wave deposition, Monterey, Cali- 
fornia) exhibits nothing to indicate prograding by wave deposition. 
The vague topography here imperfectly shown could occur on a 
coast cut back by wave erosion. 

The writer would not imply that Shepard’s interpretation of the 
origin of most of the coasts illustrated is incorrect. Nor would he 
deny that chart studies may aid in deciphering shoreline history.* 
He does deny, however, that Shepard has used or can use charts as 
the chief basis for his proposed shoreline types. The writer realizes 
that fragments of charts, to the use of which Shepard was necessarily 
restricted in publishing his paper, may in certain cases be less re- 
vealing than the whole chart. But it must be remembered that these 
fragments were selected to illustrate shoreline types, not merely 
to locate them. Since most of the fragments are devoid of the de- 
tailed topographic features which might reveal the precise nature 
and origin of the coast, and since in all but a few cases the entire 
chart is in these particular respects no more revealing than the frag- 
ments selected for publication, it is concluded that the use of coast 
charts for details of shoreline classification has much narrower limits 
than Shepard appears to realize. His contention, that ability to 

32 Tbid. 


33 See, e.g., John B. Lucke, “A Study of Barnegat Inlet, New Jersey, and Related 
Shoreline Phenomena,” Shore and Beach, Vol. II, No. 2 (1934); and “A Theory of 
Lagoon Deposits on Shorelines of Emergence,” Jour. Geol., Vol. XLII (1934). 
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classify many shorelines solely on the basis of charts is an essential 
advantage of the revised classification, is clearly invalid. 


NEW CLASSIFICATION NOT EVOLUTIONARY 

Shepard** recognized the advance of Johnson’s genetic system 
over the older empirical classifications and considers his own classi- 
fication genetic. It is not quite accurate, however, to call the pro- 
posed new system “entirely genetic.”’ Any classification of land 
forms which is entirely genetic must describe each phenomenon, as 
Davis insisted, according to stage of development. The new clas- 
sification, while in part genetic, is not developmental or evolu- 
tionary. It is, furthermore, mostly a classification of coasts, not 
shorelines, and partly a classification of water bodies (dendritic estu- 
aries, trellis estuaries). The writer would of course agree that any 
information on shoreline history revealed by land features inland 
from the shore, or submarine features off the shore, may appropri- 
ately be given weight in classifying shorelines. Nevertheless, in a 
“classification of shorelines” it is the shoreline which should be clas- 
sified, whereas Shepard forgets the shoreline to the extent of not 
mentioning it in his classification. 

Shepard gives no indication of the orderly sequence of events 
through which the shoreline cycle proceeds in a manner somewhat 
analogous to the fluvial cycle of regional erosion. The omission from 
his classification of proper consideration of the evolutionary develop- 
ment of shorelines was perhaps responsible for his failure to recog- 
nize that straightness is a characteristic of various stages of widely 
different classes of shorelines. The only approach to this phase of 
the problem which he makes* is to call primary coasts “youthful” 
and secondary coasts ‘‘mature,’’ without attempting to show that 
one may bear a sequential relationship to the other. And although 
he thus suggests youth and maturity, the concept of old age is en- 
tirely omitted. While it is recognized by Johnson** that the old 
age stage is largely theoretical and no good example is now known 
to exist, nevertheless a completely genetic classification should not 


34 “Revised Classification .... ,”’ p. 602. 


35 [bid., p. 607. 3° Shore Processes ...., P. 391. 
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omit the concept. The peneplane is widely recognized as an in- 
evitable stage in the erosional evolution of a land mass, even though 
no region today can be cited as a clear-cut example of an area now 
in this penultimate stage of the fluvial erosion cycle. It was the 
effective application to the problem of shoreline classification of 
the evolutionary concept earlier emphasized by Davis and by Gulli- 
ver that caused the present wide acceptance of the Johnson classi- 
fication of shorelines. 
NEW CLASSIFICATION INCOMPLETE 

Shepard admits*’ that he has omitted from the proposed system 
all consideration of planes of marine erosion and plains of marine 
deposition. Thus a classification of marine shorelines is offered which 
leaves out of consideration one of the most abundant types of shore- 
lines in the world. An attempt to justify such omission is made** 
on the grounds that “the complicating effect of recent sea-level 
changes have made it difficult to recognize such surfaces because of 
their truncation by streams during low sea-level stages.’”’ We are 
hardly justified in accepting a classification of shorelines which 
discards a major shoreline type because it is seemingly complicated 
by minor oscillations of sea-level. The omission in question is but 
one of many which characterize the proposed classification. An 
adequate classification of shorelines must include all shorelines. 
Furthermore, it must be wholly genetic and must make clear the 
relation of different shoreline types to each other as members of an 
orderly sequence of forms through which they pass in the cycle of 
marine erosion. 

CONCLUSION 

Acceptance of Professor Shepard’s proposed classification of 
shorelines would neither simplify nor clarify our understanding of 
shore forms. On the contrary, it would bring confusion into a 
branch of geomorphology where order now widely prevails. The ex- 
isting system of classification, as Shepard himself admits, has en- 
joyed international recognition for a generation. 

It is the writer’s opinion (a) that Shepard’s dissatisfaction with 
the existing classification is based upon a grave misunderstanding of 


37 “Revised Classification ....,” p. 608. 38 Tbid. 
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that classification; (6) that the present classification was accepted 
because it brought order out of chaos; (c) that the classification thus 
accepted has the great advantages of simplicity, easy comprehen- 
sion, and ease of practical application, besides being complete by 
providing for all types of shorelines. It is also theoretically sound in 
being based on the real genesis of the shoreline and in providing for 
full recognition of the shoreline’s evolution throughout the complete 
cycle of marine erosion. 

The proposed new system is believed to be notably unsatisfactory 
because (a) it takes account chiefly of the genesis of the coast back 
of the shoreline instead of the shoreline itself; (b) its supposed chief 
basis, the coast chart, is inadequate for classification purposes; (c) 
it does not recognize the sequential stages of shoreline development ; 
(d) it is so incomplete as to provide no place for certain major types 
of shorelines; and (e) it is extremely cumbersome, hence difficult to 
apprehend, and even more difficult to carry in mind. 
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ABSTRACT 

There appear to be five serious weaknesses in Lucke’s criticism of the writer’s 
‘*Revised Classification of Marine Shorelines.’”’ (1) He fails to show how the older 
classification can still be applicable in view of the recent changes in sea-level. (2) He 
greatly exaggerates the difficulty of applying the new classification largely because of 
failure to appreciate the assistance which new information in submarine geology gives to 
this work. (3) He makes various accusations against the writer which are neither sup- 
ported in his discussion nor from the references which he cites. (4) He classifies shore- 
lines of submergence and emergence on a descriptive rather than on a genetic basis. 
(5) He fails to give examples or field evidence to back up his opinions, relying instead 
on tradition and authority. 


INTRODUCTION 

In pointing out some of the weaknesses of the shoreline classifica- 
tion developed by D. W. Johnson and in suggesting a new classifica- 
tion that was considered to be more usable, the writer expected to 
arouse considerable discussion but did not anticipate that any stu- 
dent of this field would be unable to see that the new information 
calls for some sort of revision. In the preceding review, however, Dr. 
Lucke has taken the stand that the older classification is still ade- 
quate. While the writer does not feel that Lucke’s stand is justified, 
nevertheless his article does call attention to some of the points in 
the revised classification which may require more explanation, par- 
ticularly to readers who are not familiar with the recent develop- 
ments in the field of submarine geology. Also the review raises un- 
answered questions regarding the meaning and purpose of a shore- 
line classification. Finally slight confusion may have arisen from a 
few terms used in the article reviewed so that these should be given 
more consideration. 

PURPOSE OF SHORELINE CLASSIFICATIONS 

In developing a series of terms to apply to the different types of 
shorelines the writer had the same idea that seems to have impelled 
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Johnson, namely, that these terms should express the process or 
processes which were primarily responsible for the general character 
of the shoreline.t Thus, these terms should tell something of the 
geological history which a particular shoreline and coast has under- 
gone. It was largely because the Johnson classification appeared to 
fail to convey much of the shoreline and coastal history that a re- 
vision seemed necessary. In trying to reclassify the shorelines it was 
found essential to consider the relief of the adjacent sea floor and 
of the adjacent coastal area as well as other types of geological in- 
formation. Certainly little can be gained by confining one’s atten- 
tion to the shoreline itself, especially since the actual form of two 
shorelines of entirely different genesis might be identical. However, 
because the writer included consideration of adjacent features, 
Lucke claims that the new classification is largely one of coasts and 
partly of water bodies. This is true only in so far as the coastal area 
or the water body adjacent to the shoreline is closely connected in 
origin with the shoreline itself.’ 
GLACIAL CONTROL OF SEA-LEVEL 

One of the surprising features of Lucke’s paper is the way he rules 
out glacial control in reference to the classification by merely stating 
that this was a factor well understood by Johnson and inferring that 
it is now of no consequence.’ This stand is taken in reference to a 
shoreline classification which, judging from Johnson’s book, has as 
its most important factors “Shorelines of Submergence” and “‘Shore- 
lines of Emergence.’’* Does not this matter require more serious con- 
sideration? 

* The use of the term ‘‘coast”’ instead of ‘‘shoreline” in part of the new classification 
was perhaps inadvisable, because, although the two are used synonymously in much of 
the current literature, Johnson has defined ‘‘coast”’ as the area directly landward from 
the shore and therefore inside the shoreline. 

2 Examination of Johnson’s classification will show that the same practice is fol- 
lowed, viz., ‘fjord shorelines” (Douglas W. Johnson, Shore Processes and Shoreline 
Development [New York: John Wiley & Sons, 1919], p. 176). 


” 


3 The accusation made by Lucke that the writer neglected to bring glacial control 
into the new classification except in one subclass is scarcely warranted, since in the pre- 
amble to the classification it was pointed out that glacial control has been of almost 
universal influence. 


4 Op. cit., pp. 199-261, 272-395. 
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The concept of changes of sea-level needs no particular defense, 
since it is obvious that the huge icecaps must have greatly lowered 
the sea-level during the various epochs. Also the finding of flat rock 
benches well out on the shelves with depths of around 100 meters 
off most of the coasts of the world, even off Southern California, 
which is known to have been unstable in the early Pleistocene, sug- 
gests that the last glacial epoch was accompanied by significant 
lowering. Accordingly, the last melting of the icecaps can be as- 
sumed to have drowned most of the glacial-stage shorelines of the 
world to a depth of at least 100 meters. If we take Antevs as au- 
thority for the time of this drowning, it should have come to an end 
about 5,000 or 6,000 years ago.° Is it likely that many coasts would 
have been so modified by diastrophic movements in such a short 
time as to have eliminated the effect of such a submergence? Surely 
glacial control should have some consideration in discussing the 
origin of the form of the present shoreline, and yet no mention of it 
is made in Johnson’s discussion of shorelines of submergence and 
emergence. 

However, as pointed out in the previous article,° even if this effect 
of submergence has been practically universal, there is no reason to 
expect that most coasts would show the estuary pattern of what 
Johnson calls the initial or early youth stage’ of the shoreline of sub- 
mergence. A few thousand years should have been sufficient along 
many coasts for the.evolutionary effects to produce Johnson’s 
mature stage or some form of the ™ 
the writer. 

On the other hand, shores with resistant rock, shores with very 


‘ 


‘secondary or mature coasts’”® of 


lengthy indentations, or shores where marine processes have some- 
what protected the initial form may have preserved much of their 
irregular outline. Johnson’s discussion of the shorelines of the re- 

5 FE. Antevs, ‘“‘Shell Beds of the Skagerack,’’ Geol. Firen. i Stockholm Férh. Band L, 
Heft 4 (1929), Fig. 1, p. 5609. 

6 F. P. Shepard, ‘‘Revised Classification of Marine Shorelines,’ Jour. Geol., Vol. 
XLV (1937), p. 620 and Fig. 16. 

7 Op. cit., p. 272 and Fig. 45. 

§ Shepard, op. cit., Table 1, pp. 607, 608. In this table the word ‘‘shoreline” might 
be substituted for ‘‘coast” in order to conform with the Johnson definitions. 
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sistant uplands of New England and Acadia’ gives evidence that the 
sea has had little effect on the land for thousands of years. It is of 
course possible that some of the estuaries in the Chesapeake Bay 
area may represent recent submergence as a result of diastrophic 
movement, but great care should be used to demonstrate that such 
estuaries are not the unfilled bays resulting from the rise in sea-level 
at the end of the last glacial epoch. 


CRITERIA OR CHARACTERISTICS OF SHORELINES 
OF EMERGENCE 

In Lucke’s discussion of the ‘Shorelines of Emergence,” he makes 
a great point of showing that straightness of coast and presence of 
offshore bars and of elevated wave-cut terraces should not be con- 
sidered as criteria for this classification, and furthermore he holds 
that Johnson has made no such claims for these phenomena. How- 
ever, in his chapter on ‘(Development of Shorelines of Emergence,” 
Johnson devotes thirty-nine out of forty-four pages largely to the 
discussion of offshore bars.'® This certainly suggests that Johnson 
considered this the most important characteristic of emergence, and 
since he speaks in this chapter only of coastal terraces and straight- 
ness as other characteristics, one is led to wonder how else this 
classification could be recognized. To this quandary Lucke brings no 
light whatsoever. 

Lucke accuses the writer of error in implying that Johnson did not 
refer to the possibility that offshore bars could develop as easily 
along a submerged coast, but a careful examination of Johnson’s 
book fails to find any justification for this accusation. Johnson refers 
to bars off neutral and compound shorelines, as quoted by Lucke, 
but clearly implies that they are not related to shorelines of sub- 
mergence.’ Also it is pretty clear from Johnson’s Figure 30 that his 
description of the coast of North Carolina as a compound shoreline 
is occasioned by a combination of offshore bars and estuaries which, 

9 New England Acadian Shoreline (New York: John Wiley & Sons, 1925), pp. 157- 
204. 

10 Shore Processes ...., pp. 348-92; dealing with offshore bars, pp. 350-809. 


" [bid., p. 386. 2 Ibid., p. 191. 
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as the writer has shown,’ might develop on any normal coast sub- 
ject only to the changing sea-levels of the Pleistocene. The main 
point in this discussion of the class “Shoreline of Emergence”’ is that, 
whether or not Johnson gave any criteria by which it could be 
recognized, it has been a very common practice among writers to 
refer to shorelines as emergent if they have one of the three char- 
acteristics to which reference has been made.'* The worst of the 
matter is that little attempt has been made to discover other evi- 
dence than these features which Lucke claims are only indicative 
and which the writer has shown may be quite meaningless. 


DIFFICULTIES OF APPLICATION OF THE JOHNSON CLASSIFICATION 


One of Lucke’s chief criticisms has to do with the supposed dif- 
ficulty in applying the new classification. Before discussing that 
point, it might be well to refer to the applicability of Johnson’s 
classification. Lucke states that this has “ease of practical applica- 
tion’ and again that Johnson has illustrated each of his types with 
photographs and diagrams. This last statement will be found to be 
rather hard to substantiate if the reader will go through Johnson’s 
book. There are several maps of deltas under neutral shorelines, one 
map of a ria coast under shorelines of submergence and several fiord 
coasts (which in the writer’s opinion do not belong here at all), and 
nothing is labeled as a “shoreline of emergence” in the diagrams in 
the chapter of this heading. Again Lucke gives no examples to show 
the ease of applying this classification, and one cannot help thinking 
that clear-cut examples of most of these types are almost impossible 
to obtain. The unfortunate confusion which is bound to arise in 
trying to apply such a classification to areas which have all been 
subjected to up-and-down movements of the sea-level is well illus- 
trated by Lucke’s statement that the submergence of a coastal plain 
bordered by a shoreline of emergence could produce either a shore- 
line of emergence or a shoreline of submergence according to whether 
the coastal plain had been thoroughly dissected. A good example of 

13 Op. cit., p. 605. 

14 See, for example, J. B. Lucke, ‘‘Evolution of Lagoon Deposits on Shorelines of 


Emergence,”’ Jour. Geol., Vol. XLII (1934), pp. 561-84. No other reason for the sup- 
posed ‘‘emergence”’ is given here. 
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a quandary which might arise is found on the outside coast of San 
Clemente Island where the elevated wave-cut terraces at the north- 
west end of the island are not truncated by stream cutting, whereas 
the same terraces are decidedly truncated at the southeast end of the 
island. If San Clemente’s western coast were submerged, can we not 
assume that Lucke would call the northwest part a 


“ce 


shoreline of 
emergence”’ and the southeastern part a “shoreline of submergence’’? 
Is this practice consistent with a genetic classification? 

The foregoing discussion has had to do only with the initial or 
youthful stages of the shorelines of submergence and of emergence. 
If these are difficult to distinguish because of complications, how 
can one expect to distinguish a ‘‘mature shoreline of submergence” 


“cc 


from a “mature shoreline of emergence’? It would appear from 
Johnson’s truly commendable development of the cycle of erosion 
that the two types tend to become more and more alike. 

Before accepting the applicability of the older classification, the 
writer would certainly like to have some good clear cases of these 
various types demonstrated. 


APPLICABILITY OF THE NEW CLASSIFICATION 

While Lucke has given a correct quotation in regard to the writer’s 
claims of ease of application of the new classification to charts, in the 
discussion that follows he seems to have overlooked the point that 
no claim was made that all types of coast could be recognized from 
charts alone. The statement is that “many coasts’’ can be so recog- 
nized. Others admittedly require field evidence. A further difficulty 
arises from the nature of the illustrations which had to be used by 
the writer to demonstrate these types of shoreline. As Lucke admits, 
a small portion of a chart does not convey as much information as 
does the complete chart. If he had referred to the entire charts, to 
which references were given in each case, he would have had much 
less difficulty in understanding the reasons for the choice. 

Finally the types of coast which are difficult to recognize from 
maps and charts are much less common than those readily deter- 
mined. Probably the unrecognizable coasts comprise only about 5 per 
cent of all coasts. 

The examples cited by Lucke as inconclusive or theoretically un- 
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sound can all be defended either from the features shown on the 
chart from which the illustration was chosen or from field data. Re- 
ferring first to the fiord shorelines (Fig. 5), Lucke states that this 
might be a “ria coast,” since it is only the great depth that is evi- 
dence of its glacial origin. The case, however, is typical of fiords, 
since the inlets have a combination of great depth, deep depressions, 
trough-shaped transverse sections, and relatively straight sides. 
The writer’s examination of charts from all over the world has failed 
to reveal any examples outside of glaciated territory with such a 
combination. Probably no closer parallel could be found than in the 
case shown in Figure 3, where the great depth and the deep basins 
are lacking. The submarine canyons, whatever their origin, are not 
associated with inlets of the fiord type. 

The same criticism applies to Lucke’s objections to the Gulf of 
St. Lawrence (Fig. 6) as an example of a glacial-trough shoreline. The 
statement that this gulf appears to be normal subaerial topography 
partially drowned by the sea shows lack of discernment. Examina- 
tion of the chart reveals that it has a basin depression reaching a 
depth of approximately 2,000 feet, with a rim 500 feet higher. This 
depression has a length of 120 miles. Furthermore, the gulf has a 
trough shape, and the deep portion has relatively straight walls. 
Such inlets are confined to glaciated areas as in the case of fiords.*® 

Lucke’s objections to the Long Island area as a partially sub- 
merged moraine (Fig. 8) are justified only in that it is difficult to 
recognize this origin from the portion of the chart available. The 
complete chart shows the morainic ridge in contours on the western 
end of Long Island as does also the topographic map of the same 
area. This example was chosen also because it is well known that 
this extension of Long Island is largely a moraine. It is hard to see 
why any geologist could reasonably interpret it as volcanic, particu- 
larly in view of the location. 

The wind-deposition shoreline (Fig. 10) would be difficult to 
recognize from the map alone. The map was included as an example 
of this type of shoreline. One piece of evidence, however, does sug- 

*s Note that “‘shoreline’’ is being substituted for ‘‘coast”’ in referring to these types. 


16 For additional evidence see ‘‘St. Lawrence (Cabot Strait) Submarine Trough,”’ 
Bull. Geol. Soc. Amer., Vol. XLII (1931), pp. 853-64. 
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gest the wind deposition, namely, the new lighthouse which has been 
built beyond the old one because of dune obstruction. The dunes 
have been migrating to the eastward before the prevailing winds, 
so that the shore is certainly classified correctly on the basis of field 
observations. Lucke’s theoretical grounds for opposing these known 
facts were not mentioned. Of course waves and currents have pro- 
duced some shaping of the advancing dunes, as would always be the 
case. 

The objection to the mangrove shoreline (Fig. 11) is simply that 
the chart does not prove that this is its origin. Again field data were 
used to justify the choice. It would be almost impossible to be sure 
of such a shoreline from a chart alone. 

The volcanic-explosion shoreline (Fig. 13) could have been im- 
proved upon by using a map of Krakatoa. However, it is probable 
that the large concavities among the islands represent the rims of 
exploded or partially collapsed volcanoes. 

In regard to the Gulf of California as an example of a fault-trough 
shoreline, the choice would seem to be as good as could be found. 
While the writer would not claim that absence of a significant con- 
tinental shelf proved beyond question that there had been recent 
faulting, it is certainly significant that straight mountainous coasts 
without shelves are found exclusively in areas where there is other 
supporting evidence of Quaternary faulting parallel to the coast. 

The use of the Rock of Gibraltar as an example of a hog-back 
shoreline (Fig. 17) should be justified by those who know the rock or 
have even seen photographs of the westerly-dipping massive lime- 
stones. Certainly the long point and the high ridge are suggestive 
of hog-back origin. 

In regard to the example of a wave-erosion shoreline (Fig. 19), 
Lucke’s statement that the case could be interpreted as submerged 
land erosion seems to be unwarranted. It will be observed that the 
indentations are not related to valleys on shore. Also the cliffed 
condition of the coast indicates wave erosion. Furthermore, the 
writer has found that this type of shoreline is typical of the areas 
along the California coast where waves have been making significant 
inroads into the shoreline. 

That the coast around the city of Monterey (Fig. 21) could be the 
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result of wave erosion, as suggested by Lucke, appears to be ruled 
out by the chart which shows no relief to indicate a wave-cut cliff. 
The location is particularly favorable for wave deposition, since this 
low sandy area is situated at the south end of a bay which is affected 
principally by northwest winds, and the drift of sand along this 
shoreline is dominantly to the south. This is another case where 
the map or chart used along with other information establishes the 
correctness of the classification. 

It seems obvious that classification of shorelines should never be 
made on the basis of charts or maps alone when other information 
is available. In other words, the situation is directly comparable 
to the use of topographic land maps in physiographic interpretation. 
As in the case of topographic map interpretation, knowledge of the 
relief features is vital and submarine topography, which is evidently 
not well understood by Lucke, is an important factor in applying 
the new classification. With the necessary background of informa- 
tion, one should have much less difficulty in classifying shorelines 
from charts into the new groupings than into those of the Johnson 
classification. 

MISCELLANEOUS OBJECTIONS 

Incompleteness.—Lucke makes much of what he considers the 
incompleteness of the proposed classification. However, when one 
looks for the long list of omissions there appears to be only one men- 
tioned. This omission of marine plains was made, as explained 
previously, because of the difficulty of finding good examples of 
shorelines with characteristics dependent chiefly on the exposure of 
these plains. While Lucke is disturbed by the omission, he also fails 
to mention any examples of this “major shoreline type.” Possibly 
he can provide some examples, but the writer suspects that most 
supposed cases would fit more exactly into the new classification 
under some other category. 

Not evolutionary.—The objection that the classification is not en- 
tirely genetic seems to be based on two subclasses of one genetic 
class, namely, the dendritic and angular or trellis-pattern types of 
drowned river valleys. While these are descriptive terms it does 
seem as though the explanation which accompanies them gives them 
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a genetic significance. Possibly more genetic terms might be pro- 
vided, but the offense against the genetic type of classification is a 
minor one in comparison with Lucke’s interpretation of a shoreline 
as one of submergence or emergence according to whether a marine 
plain happened to have had a valley cut into it before it was 
submerged. 

The criticism that the sequence of events is not given in the new 
classification seems to be rather pointless, since the article in ques- 
tion did not go into this particular phase. The writer intends to de- 
velop some portions of these evolutionary stages in discussions which 
he has been preparing for several years in conjunction with Pro- 
fessor U. S. Grant. 

Lucke states that because of not having considered the evolu- 
tionary stages the writer “failed” to recognize that straightness is a 
characteristic of various stages of widely different classes of shore- 
lines. This statement, however, is certainly unwarranted, since the 
writer makes repeated reference to the importance of coastal straight- 
ening.*? Again after recognizing that the classification is evolution- 
ary to the extent that it includes youthful and mature shorelines, 
Lucke objects to the omission of old age. A quotation from Johnson 
in this regard might be to the point. 

Johnson states: “It must not be forgotten, however, that the old 
age of a shoreline is largely a matter of theory. No good example of 
a shoreline in this stage of development is known to exist at the 
present time.’"* To this the writer might add that old age stages 
are scarcely to be expected when most shorelines have only partially 
recovered from the effects of the oscillating sea-levels of the Pleisto- 
cene. Therefore, why should we bring in this theoretical concept in a 
classification intended to be of practical value? 

New classification easily learned.—Lucke’s statement that the 
new classification is cumbersome and difficult to bear in mind can 
certainly be challenged. The terms used in the classification are all 
readily understandable to anyone who is at all familiar with physiog- 
raphy and are simply a brief description of the processes which pro- 
duced the various types of shorelines. These terms can be contrasted 


'7 Op. cit., pp. 603, 604, 607, 620, etc. 8 Shore Processes ...., Pp. 391. 
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with some of those in Johnson’s system which include “neutral 
shorelines” and ‘‘compound shorelines.” On the other hand, some 
of the classes are the same as those suggested by Johnson and, in 
these cases, are names that are readily understandable. 

Certainly Lucke could have found better subjects for criticism in 
the new classification. It is to be hoped that some physiographer 
will make a more constructive criticism which will lead to a thor- 
oughly acceptable classification to take the place of the old system 


which is so badly out of date. 

















REVIEWS 


Le Jura: mémoires pour servir a l’ explication de la carte géologique détaillée 
de la France, Part I: “Bibliographie sommaire du Jura frangais et 
suisse (orographie, tectonique, et morphologie), 1922”; Part II: “Com- 
mentaire de la carte structurale, description tectonique du Jura fran- 
cais.” By Emm. DE MARGERIE. Paris: Imprimerie Nationale, 1936. 
Pp. 1542 in 2 vols. with numerous maps and illustrations. 

The folded mountain ranges of the Jura, lying partly in France, partly 
in Switzerland, constitute an outer crescent along the northwest front of 
the Alps, from which they are separated by a wide, tectonic depression. 
The latter is the trough which is filled with Middle Tertiary fluviatile 
and marine sediments that are older than the latest uplift of the Jura and 
were spread over the area it now occupies. They are known as the Molasse 
(meaning “soft rock’’) formation, and the zone they floor is the “Mittel- 
land” or ‘‘Molasseland.”’ Next, southeast curves the arc of the alpine 
heights. Thus the Alps comprise the three zones: the Jura, the Molasse- 
land, and the Alps proper.’ 

The Jura Mountains cover an area of about 6,500 square miles (17,000 
sq. km.), of which three-fourths are French territory. Being a contribu- 
tion to the description of the geologic map of France, the work in hand 
deals specifically only with that part, but the author extends comments, 
on occasion, to the Swiss portion. The total is closely equivalent to the 
area of folded Paleozoic strata, comprising anticlines and synclines within 
the dark Devonian boundary in Pennsylvania (“Geologic Map of the 
United States, 1932’’), and is but an eighth of the longitudinal dimension 
of the Appalachian folds, south of New York. In comparison with the 
expanses of American structural regions, the Jura is astonishingly small. 
Nevertheless it is the archetype of folded mountain structure. It is worthy 
of study like a miniature—and it has been so studied. 

First mention of the Jura by name is attributed to Strabo, 25 B.c., 
and Julius Caesar knew the tribes of Gauls inhabiting the region. But 
Heim tells us that Gessner (1555) was the first educated observer. Hav- 
ing climbed Mount Pilatus, he recognized fossils as remains of organisms. 
The names of von Humboldt, von Buch, and De Beaumont are linked with 

* Albert Heim, Géologie der Schweiz (Leipzig: Chr. Herm. Tauchnitz, 1919), I, 28. 
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the later observations of the eighteenth century, but Studer and Escher 
von der Linth laid the foundations of geologic knowledge during the early 
nineteenth, and their students to the second and third generation have 
carried on their work of investigation. The task has been a most arduous 
and difficult one, the effects of successive orogenic movements being rep- 
resented in structures, particularly in the Alps, that have no equal for 
complexity anywhere among the mountain ranges of the world. To un- 
ravel their relations appears to require a better understanding of deforma- 
tion than has yet been brought to bear on them; but though there be 
misinterpretation, we can have nothing but respect and admiration for the 
extraordinary service our colleagues have rendered geology by their ac- 
curate and exhaustive observations of the facts of stratigraphy, paleon- 
tology, and structural details, both in the Jura and in the Alps. Among 
those whose factual contributions have been pre-eminent are Marcel 
Bertrand and Albert Heim; and beside those great names we must now 
place that of Emm. de Margerie. 

During the past century geologists of several nationalities, writing a 
variety of languages, and representing diverse theories, have contributed 
many hundreds of articles to the literature of the Jura. To list them 
bibliographically would seem to most geologists an arduous task; not only 
to list them completely but also to annotate them and to elucidate their 
complexity would seem impossible. But the savant translator of Suess’s 
Antlitz der Erde, who made the French edition of that monumental work 
the outstanding one, has not only attacked the impossibility but has over- 
come it. 

It is one outstanding merit of De Margerie’s great lifework that it is 
wholly objective. It consists almost exclusively of definite observations 
of structure, which are abundantly and beautifully illustrated by dia- 
grams and maps of local details. The author emphasizes this character 
in the Preface to the second volume, saying: 

The object of this work is very exactly defined by its sub-title: ““Commen- 
taire’”’ [English summation rather than commentary] de la Carte structurale 
Description tectonique du Jura. 

And he modestly adds: 

Before entering upon the substance proper [of this work] and to avoid any 
misunderstanding, I have to explain that the pages you are about to read do not, 
in any strict sense, constitute an original work. I have sought simply to estab- 
lish a balance sheet, in summarizing, as objectively and impersonally as pos- 
sible, the real state of the Science, in so far as it concerns the French Jura. In 
thus doing homage to the Past—where the names of modest amateurs figure 
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beside those of the Great—I have endeavored to do justice to all those who 
during more than a century have added a new or unpublished fact to the knowl- 
edge of our chain. I hope to have succeeded in my effort not to have left in 
obscurity any contribution of real significance, in having assembled all of these 
documents, of very diverse dates and sources, in one and the same regional cate- 
gory.’ 

Nevertheless, in spite of his purpose to be complete, our author fears 
that he may not wholly have accomplished his desire, and he explains 
that although he has verified practically all the observations in place and 
has made some six hundred excursions in the Jura during fifty years of a 
life consecrated to many other onerous tasks, he has not been able to go 
everywhere: 

Yet, I have constantly sought to examine for myself areas of such extent as 
to permit me to interpret, without chance of material error, the meaning of the 
works of which I had to take account... . . I have thus been able, for the first 
time, to prepare a really connective description . . . . wherein, at least nothing 
is lacking in the unraveling of the tissue I had to handle. 


In the field of observation De Margerie disclaims originality, but one 
must give a large measure of credit to the service of a geologist who has 
made hundreds of journeys to verify the descriptions drawn up by others. 
The magnitude of this labor is attested by the content of Volume I of 
Le Jura. It is an annotated bibliography of six hundred pages. The num- 
ber of titles listed is nearly three thousand. Many of the annotations are 
of notable length, and the work is illustrated by a number of diagrams 
and maps. The index of names of authors and places, with few other 
subjects, comprises nine thousand entries. Following a European method 
of cataloguing, the items are separated into groups. There are distinct 
lists of bibliographies, articles of general character, topographic maps, 
geologic maps, structural sections, regional descriptions, and of other 
classes, including glaciology, morphology, lakes and wells, earthquakes, 
etc. 

The second volume of Le Jura is a detailed description of every struc- 
ture, whether fold, transverse shear, or overthrust, within the area and 
worthy of distinct recognition. The two volumes comprise 1,542 pages, 
31 full-page plates, and 444 text figures. The text is a model of clarity, 
brevity, and impartiality of statement where alternative interpretations 
have been put forward. 

The arrangement of the materials is according to atlas sheets or feuilles, 
each of which is named from a principal city: Gray-Besangon, Mont- 


2 Translated by the reviewer. 














IOIO REVIEWS 


belliard-Ferrette, Ornans, Pontarlier, Lons-le-Saunier, Saint Claude- 
Thonon, Nantua, Chambery, and Annecy. As here hyphenized, each area 
is represented by a map with topographic contours in black and structure 
contours in red. As a rule, the latter are drawn on the top of the “‘Port- 
landien” dolomite (uppermost Jurassic), but in the Montbelliard area 
the ‘‘Aalien’”’ (Lower Middle Jurassic) is used, because the formations that 
constitute the surface lie so far below the eroded Portlandien and the 
structure is so complex that the higher horizon would not afford a safe 
datum. The individual sheets are rectangles, which are not readily re- 
lated, one to another or to general maps, for they are not limited by geo- 
detic co-ordinates and the lines of longitude that cross them are referred 
to the meridian of Paris, not of Greenwich. The accompanying diagram 
shows by numbers the order of description in De Margerie’s volume and 
illustrates their relation to the structure by superposition of the rect- 
angles upon Heim’s map of the mountain range. 

It is from several points of view that the classic region of the Jura may 
be studied through the medium of these volumes and the works that are 
so exhaustively listed therein. He who would know how strata fold, what 
forms they assume in anticlines and synclines, how folds rise and diminish 
along the strike, how thrusts develop from them, he will find a wealth of 
illustration in these pages. He will also learn that a group of folds may 
become so rigid at some stage of folding that transverse shears offer an 
easier mode of yielding and will find good evidence of their character and 
relations. If the student would observe the relation between the forms 
of folds and the competency of strata, he will find here striking illustra- 
tions of the influence of strong limestones and may discover why the Jura 
and the Appalachians present similar structures. The investigator who 
seeks to understand the facts of Alpine deformation and to assign that 
great range to its proper place in the dynamical categories of mountains, 
according to the principles of mechanics, of which Albert Heim laid the 
foundations in his Mechanismus der Gebirgsbildung, may well begin with 
the study of the Jura, which is the primer of Alpine complexity. For 
the opportunity thus opened to those who cannot devote a lifetime to 
personal investigation of the Jura itself geologists are indebted to Emm. 
de Margerie, who has done just that. It is a matter for sincere regret and 
a grave loss to science that the savant, whose mastery of the subject is so 
adequately demonstrated, should now find that he cannot expect to ac- 
complish the final task he had set himself. He himself writes: 

To complete the task I had set myself in the beginning, a third volume 
would be necessary. It would contain, first, a synthetic assemblage of the facts 
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brought together in the present volume, which should be grouped and co- 
ordinated independently of the arbitrary limits of the sheets of the geologic 
map, in such manner as to define the structural units, which can be distin- 
guished only through careful analysis; then, a brief description of the Swiss 
Jura ....and finally, general conclusions regarding the history of the Jura 
{should follow], the view comprising the entire range and treating of the par- 
ticular conditions that have led to the folding of the chain, in the perfection 
that we observe. But, truth obliges me to admit that not a line of this third 
part has as yet been written. Nearing the decline of a career already long, I 
may not hope that it may be permitted me to achieve it with my own hands. 
This task devolves, without doubt, upon my successors. May they, in executing 
it, experience the joys of discovery in a realm at once intimate and grand, and 
achieve that serenity which flows from the application of the mind to the great 
problems that Nature offers us so liberally in the mountain lands. 

It is a challenge from the master of the geology of the Jura and the 
field offers a rich reward to him who is competent. 

BAILEY WILLIS 


Regionale Geologie der Erde. Edited by K. ANDREE, H. A. BROUWER, and 
W. H. Bucuer. Leipzig: Akademische Verlagsgesellschaft, m.b.H., 
1938. 

The editors of this new Regional Geology have divided the earth into 
twenty-three tectonic provinces. The geology of each separate province, 
discussed mainly from the developmental point of view, will be taken up 
in a separate bulletin, and when, at the close of an estimated two-year 
interval, all twenty-three bulletins have made their appearance, the en- 
tire series will be published together in three volumes entitled respectively 
The Ancient Coigns, Paleozoic Plateaulands and Folded Belts, and Later 
Orogenic Belts. The first three issues have just appeared. Their contents 
are described briefly below. 


Mittel- und Westeuropa, Band II: Palaeozoische Tafeln und Gebirge, Ab- 
schnitt 3. By Hans BECKER. 1938. Pp. 102; figs. 31. Rm. 14. 
The region discussed by Dr. Becker includes that portion of central and 

western Europe structurally dominated by remnants of the late Paleo- 

zoic Variscan mountain system (variscisches Europa), together with ad- 
jacent basins of Mesozoic and Cenozoic sedimentation (Saxonisches 

Europa). The geological history of this region is outlined in four chapters. 

The first covers developments in pre-Variscan time; the second, effects of 
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the Variscan revolution itself; the third, Mesozoic and Cenozoic sedimen- 
tation in the depressed areas flanking the main mountain axes; and the 
last, development of present physiographic features in Pleistocene and 
Recent time. A series of paleogeographic diagrams shows the relation be- 
tween sea and land at successive intervals in the geologic record. Sketch 
maps and cross sections illustrate tectonic features, and correlation charts 
outline the salient features of the sedimentary record. The Bibliography 
includes references to comprehensive works on all or parts of the province, 
a list of general geologic maps, and the names of periodicals publishing the 
results of latest researches in this region. 


Northwestern Europe and Caledonides, Band II, Abschnitt 2. By E. B. 
BaILey and O. HOLTEDAHL. 1938. Pp. 75; figs. 16; pls. 2. Rm. 14. 
This issue, which is in English, covers the belt of Caledonian folding 

which extends from Spitzbergen south through Norway into Scotland and 

Ireland. The sections on Spitzbergen and Norway were prepared by Dr. 

Holtedahl; those on the British Isles, by Dr. Bailey. The method of treat- 

ment, as in the preceding issue, is primarily historical. Prior to the main 

Caledonian orogeny in late Silurian to early Devonian time, the folded 

belt was a geosyncline receiving sediments from the northwest and south- 

east. During the closing stages of the Caledonian orogeny, Devonian sedi- 
ments were deposited locally in intermontane basins. Later Paleozoic, 

Mesozoic, and Tertiary sediments overlap the Caledonian structures from 

the southeast, except in Norway. More recently tectonic adjustments 

along the continental shelf have established the present relationship be- 
tween land and sea, while erosive agencies, particularly the Pleistocene 
glaciers, have produced the features of the existing landscape. A useful 
adjunct to this issue is the large geologic and tectonic sketch map of the 
Scandinavian area (scale 60 km. = 1 in.) prepared by Dr. Holtedahl. 


Afrika (ohne Atlaslinder und Madagaskar) nebst Arabien, Band I: Die 
alten Kerne, Abschnitt 5. By E. HENNIG. 1938. Pp. 142; figs. 22; pls. 

2. Rm. 22. 

Dr. Hennig’s contribution covers a large area structurally controlled 
by a resistant “‘shield”’ of ancient crystalline rocks, now extensively over- 
lain by sediments. The Arabian plateau is genetically a part of this prov- 
ince, but the Atlas mountain belt of northern Africa belongs to the Medi- 
terranean region. By the close of the Proterozoic, the basement complex 
had already assumed its role as a shield. In subsequent eras, faulting and 
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broad, regional flexing have given rise to basins of continental, and occa- 
sionally marine, sedimentation. Folding later eradicated some of these 
basins; others were destroyed by uplift. Several great epochs of plutonic 
injection are recognized. So complex is the geological record of this vast 
area that only in the most general way can it be treated as a unit. Sep- 
arate discussion of its various parts is necessary within each major cycle 
of geologic time. 
WILLIAM F. READ 


Methods in Paleontology. By CHARLES L. Camp AND G. DALLAS HANNA, 
Berkeley: University of California Press, 1937. Pp. 153, figs. 56. 
Cloth, $2.50. 

This manual in methodology for the beginning collector or student of 
fossils fills an important gap in the literature of the subject, for American 
paleontologists, heretofore, have been slow to tell the public the tricks of 
their trade. 

The Introduction, written by Dr. Camp, discusses the nature of fossils, 
tells where to find them, and goes at some length into the ordinarily 
earthy unmentionables which have so much to do with the success of 
collecting expeditions, such as how to drive a car through bad sand, and 
even how to cook a decent mess of beans. 

In Part I, Dr. Camp describes both the field and the laboratory 
methods used in vertebrate paleontology. Prospecting, tools and equip- 
ment, methods of jacketing, numbering and shipping of specimens are all 
adequately discussed. Laboratory procedures are similarly catalogued, 
and, in addition, there are valuable discussions of casting, serial section- 
ing, drawing, photographing, and exhibits. There is also a short note on 
paleobotanical collecting. 

In Part II, Dr. Hanna draws on his rich experience to discuss macro- 
fossil collecting and preparation. But most important is a forty-one-page 
section on micropaleontology, which will be found useful not alone to the 
beginner but to most professionals. This is especially true since many of 
the all too little-studied groups such as the diatoms, radiolaria, otoliths, 
conodonts, scolecodonts, and pollen are given some attention here. 

The book has an adequate Index and a valuable Bibliography, and it 
is well illustrated. The reviewer has noted very few errors, but Spergen 
Hill somehow did wander from the Hoosier into the Buckeye state. 


CAREY CRONEIS 
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Earth Lore. By S. J. SHAND. New York: E. P. Dutton & Co., Inc., 1938. 

Pp. 144; pls. 16; figs. 33. $1.25. 

In a short, duodecimo volume, Dr. Shand endeavors to expound to the 
layman certain fundamentals of earth science. His book is not a text. 
It does not provide anything like a systematic groundwork in the basic 
concepts of geology. It aims rather to provoke an intelligent interest in 
geological matters, to impart an appreciation of the various processes now 
slowly modifying the face of the earth, and to give some concept of the 
vast changes wrought by these same processes in the lapse of geologic 
time. First, the earth is pictured in its relationship to the solar system 
and to the heavens beyond. Then the major features of the earth’s sur- 
face are discussed, and the basic division into continental and oceanic 
segments is pointed out. A brief survey of the familiar processes engaged 
in leveling the continents leads to consideration of opposing forces, less 
well understood, which tend to elevate and diversify the land. It becomes 
evident that there is an eternal conflict between the agencies of degrada- 
tion and diastrophism. Once this point is established, the way is open to 
a consideration of earth history—the record of this conflict as preserved 
in the materials of the earth’s crust. In search of a satisfactory explana 
tion for diastrophism Dr. Shand examines some of the evidence bearing 
on the interior of the earth, discusses volcanism, and describes the salient 
features of mountain ranges and other structures produced by diastrophic 
action. In his estimation a modified version of the continental drift theory 
will eventually be accepted as the explanation of diastrophism. This point 
of view he presses, rejecting others which are entitled, perhaps, to equal 
consideration. 

WiiiAM F. READ 


“Geologic Observations in the Philippine Archipelago,” by BarLey 
WILLIs, in National Research Council of the Philippine Islands Bulletin 
13. Manila, 1937. Pp. 127, pls. 29, maps 2. 

In this report Bailey Willis has presented the results of a recent general 
reconnaissance of the Philippine Islands conducted under the auspices of 
the Bureau of Science, the Bureau of Mines, and the Philippine National 
Research Council. Ably carried out, this study furnishes a general ge- 
ologic background for guidance in more detailed investigations by local 
surveys, and also gives any interested reader a clear picture of the building 
of the Philippine archipelago. 
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Along the border strip between the floor of the China Sea and the 
bottom of the Pacific Ocean, deformation with plutonic intrusions formed 
the foundations of the Philippine Islands in Mesozoic and early Tertiary 
times. Upon these, voluminous extrusions of andesite during much of the 
early Tertiary built up large parts of the islands. Deposition of mid-Ter- 
tiary sandstones and shales, with some limestones, followed in various 
localities. Late in the Miocene occurred an episode of strong compression 
followed by partial peneplanation. The erosion surface thus developed 
was later arched and the Pliocene sediments folded, faulted, and tilted in 
many places. The deformative movements, together with volcanic ac- 
tivity, are still in progress. 

Considerable attention is given to the development of the island arcs 
and the basins and troughs which constitute very important features of 


the archipelago area. 
x F< 


Landslides and Related Phenomena: A Study of Mass Movements of Soil 
and Mantle Rock. By C. F. S. SHARPE. (‘Columbia Geomorphic 
Studies,” No. 2.) New York: Columbia University Press, 1938. Pp. 
137, pls. 9, figs. 16. $3.00. 


A comprehensive study of mass movement of soil and rock is presented 


in this new volume. Manner and rate of movement, relative content of ice 
or water, and kind of material are considered the primary factors in a 
new, genetic classification. Ten major types, with eight subtypes, are 
recognized, and specific examples of each type are briefly described. If 
fuller descriptions have appeared in the literature, references are cited. 
Special care has been taken to present and define descriptive terms which 
have come into use in Europe or America. Dr. Sharpe himself has visited 
many localities in the United States and Canada which afford evidence 
of the operation of those processes which he attempts to analyze in this 
volume; his firsthand descriptions, accompanied by numerous diagrams 
and photographs, are penetrating and concise. A topical Bibliography of 
275 titles constitutes an important and useful part of the work. 
WiLi1AM F. READ 








